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Brust, Tarsis F. Ph.D., Purdue University, August 2015. Functional Selectivity 
Downstream of Gαi/o-coupled receptors. Major professor: Val J. Watts. 
 
G protein-coupled receptors (GPCRs) are drug targets that often activate multiple 
signaling pathways. The multiple GPCR responses provide opportunities for biased or 
functionally selective ligands to preferentially modulate one signaling pathway over 
another. Studies with several GPCRs have suggested that selective activation of signaling 
pathways downstream of a GPCR may lead to safer and more effective drug therapies. 
The dopamine D2 receptor is the main target in therapies for Parkinson’s disease and 
schizophrenia. First and second generation antipsychotic drugs antagonize dopamine D2 
receptor. Notably, both these classes of drugs may cause side effects associated with D2 
receptor antagonism (e.g. hyperprolactemia and extrapyramidal symptoms). The novel, 
“third generation” antipsychotic drug, aripiprazole is also used to treat schizophrenia, 
with the remarkable advantage that its tendency to cause extrapyramidal symptoms is 
minimal. In this work we studied the molecular pharmacology of aripiprazole and 
showed that the compound displays ligand bias for modulation of G proteins, being a 
partial agonist for Gαi/o and a robust antagonist for Gβγ signaling. We have also 
examined the activation of immediate effectors of the dopamine D2 receptor (i.e. Gαi/o, 
Gβγ, β-arrestin recruitment) and more complex signaling pathways (i.e., extracellular 
signal-regulated kinase phosphorylation, heterologous sensitization, and dynamic mass 
! xii 
redistribution) in response to a series of D2 receptor ligands. The most commonly used 
methods to measure ligand bias were employed and compared. Functional selectivity 
analyses were also employed as tools to explore the relative contribution of immediate 
dopamine D2 receptor effectors for the activation of more complex signaling pathways. 
We have further identified novel classes of AC1 inhibitors through both chemical library 
screening and structure-activity relationship studies. The effects of our best inhibitor 
(W001) on acute and chronic signaling through the µ-opioid receptor were also 
examined, revealing an alternative method to induce functional selectivity (i.e. by 
targeting signaling components that are downstream of GPCRs). Lastly, we showed that 
W001, which is the most potent selective small molecule AC1 inhibitor described to date, 
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CHAPTER 1. INTRODUCTION 
 
1.1 G protein-coupled receptors 
G protein-coupled receptors (GPCRs – also termed seven-transmembrane domain 
receptors) are membrane proteins whose main function is to transfer signals from the 
extracellular space to the intracellular space. With nearly 1000 genes, GPCRs represent 
the largest family of known proteins in the human genome (Fredriksson et al., 2003; 
Hanson and Stevens, 2009). GPCRs are metabotropic receptors involved in a number of 
physiological processes. From the autonomic sympathetic and parasympathetic nervous 
systems to the fine motor control pathways in the basal ganglia, the roles of GPCRs 
encompass virtually all neurological functions (Beaulieu and Gainetdinov, 2011; 
Lefkowitz, 2004). Moreover, various different types of stimuli that include peptides, 
proteins, ions, lipids, odorants, photons, nucleotides, and small molecules with diverse 
chemical structures can activate GPCRs (Fredriksson et al., 2003). 
 
1.1.1 Therapeutic relevance 
Considering the diversity and prominent physiological relevance of GPCRs, it is 
not surprising that this class of membrane proteins is heavily targeted for numerous 
therapies. It is estimated that nearly 36% of all FDA (US Food and Drug 
Administration)-approved drugs directly target GPCRs
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(Overington et al., 2006; Rask-Andersen et al., 2011). Drugs targeting GPCRs are 
typically among the drugs with the highest sales. For instance, it has been reported that in 
2006 approximately 32% of the drugs with the highest sales in the United States targeted 
GPCRs (Rask-Andersen et al., 2011). Additionally, in 2010 30% of the drugs with the 
highest sales in the world targeted GPCRs (Rask-Andersen et al., 2011). GPCRs are also 
indirectly targeted in a number of other therapies. For example, the serotonin reuptake 
inhibitors, commonly used in therapies for treating depressive disorders, increase the 
amounts of serotonin in synapses, but the actions of this neurotransmitter are achieved 
through activation of GPCRs (Belmaker and Agam, 2008; Svenningsson et al., 2013). 
Similarly, angiotensin-converting enzyme (ACE) inhibitors indirectly inhibit GPCRs (i.e. 
angiotensin receptors) through inhibition of the synthesis of its endogenous ligand (Li et 
al., 2014). 
 
1.1.2 Families of G protein-coupled receptors 
The superfamily of GPCRs has been clustered according to several different 
grouping methods (Attwood and Findlay, 1994; Fredriksson et al., 2003; Kolakowski, 
1994). Structural features, physiological functions, and ligand binding mechanisms 
represent systems used to classify GPCRs in different families. One of the most accepted 
methods for classifying human GPCRs was described by Fredriksson and colleagues in 
2003 (Fredriksson et al., 2003). Fredriksson et al. (2003) used similarities in GPCR 
sequences from the human genome to perform multiple phylogenetic analyses. In their 
system they described five main families of human GPCRs: adhesion (24 members), 
! 3 
frizzled/taste2 (24 members), glutamate (15 members), rhodopsin (701 members), and 
secretin (15 members) (Fredriksson et al., 2003).  
The adhesion receptor family contains receptors with adhesion-like domains in 
the N terminus. The frizzled/taste2 receptor family is composed of frizzled receptors and 
TAS2 receptors. The glutamate receptor family encompasses metabotropic glutamate 
receptors, GABA (γ-aminobutyric acid) receptors, a calcium sensing receptor, and taste 
receptors. The rhodopsin receptor family, as the largest family of this classification 
system, can be further divided into four main groups (i.e. α, β, γ, and δ). The α-group has 
89 members that include prostaglandin receptors, amine receptors, opsin receptors, 
melatonin receptors, and MECA (melanocortin, endothelial differentiation, cannabinoid, 
and adenosine) receptors. The β-group is composed of 35 receptors and the known 
ligands to all receptors in this group are peptides. The γ-group is composed of SOG 
(somatostatin, opioid, and GPR7/GPR8) receptors, MCH (melanin-concentrating 
hormone) receptors, and chemokine receptors. The δ-group contains MAS-related 
receptors, glycoprotein receptors, purin receptors and olfactory receptors. The secretin 
receptor family is composed of 15 receptors, and among others includes the secretin 
receptor, the calcitonin receptor, growth hormone-releasing receptor, and the glucagon-
like peptide receptor (Fredriksson et al., 2003). All GPCRs studied herein are in the 
rhodopsin family. Dopamine receptors pertain to the amine cluster of the α-group, while 
opioid receptors belong to the SOG cluster of the γ-group (Fredriksson et al., 2003; 
Hanson and Stevens, 2009). 
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1.1.3 Structure of G protein-coupled receptors 
 GPCRs are membrane proteins composed of seven transmembrane helical 
segments designated as TM I through TM VII (Hanson and Stevens, 2009; Katritch et al., 
2013). The first structural clues on GPCRs came in the 1980’s with the sequencing of 
rhodopsin and the cloning of the β2-adrenergic receptor (Dixon et al., 1986; Nathans and 
Hogness, 1984). These studies provided significant insights on the general structural 
arrangement of GPCRs. Nearly a decade later, in 1997 the presence and arrangement of 
the seven transmembrane α-helices were confirmed using two-dimensional crystals of 
frog rhodopsin (Unger et al., 1997). The relative structural stability and abundant 
expression in bovine retina made rhodopsin the ideal receptor for the initial GPCR 
structural studies (Kobilka, 2013). And in 2000 the first high-resolution (i.e. 2.8 Å) three-
dimensional structure of a GPCR was solved by Palczewiski and colleagues for bovine 
rhodopsin (Palczewski et al., 2000). Since then, the structures of 27 different GPCRs 
were determined using X-ray crystallography (Chien et al., 2010; Dore et al., 2014; Geng 
et al., 2013; Granier et al., 2012; Haga et al., 2012; Hanson et al., 2012; Hollenstein et al., 
2013; Jaakola et al., 2008; Kruse et al., 2012; Manglik et al., 2012; Palczewski et al., 
2000; Rasmussen et al., 2007; Rasmussen et al., 2011b; Shimamura et al., 2011; Siu et 
al., 2013; Srivastava et al., 2014; Tan et al., 2013; Thompson et al., 2012; Wacker et al., 
2013; Wang et al., 2013a; Wang et al., 2013b; Warne et al., 2008; White et al., 2012; Wu 
et al., 2010; Wu et al., 2012; Wu et al., 2014; Zhang et al., 2012; Zhang et al., 2014).  
 Most of the GPCR structures published to date reflect the inactive conformations 
of the receptors, however, rhodopsin, the adenosine A2A receptor, and the β2-adrenergic 
receptor have also been crystalized in active states (Rasmussen et al., 2011a; Standfuss et 
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al., 2011; Xu et al., 2011). Moreover, the β2-adrenergic receptor has also been crystalized 
in complex with a heterotrimeric G protein (Rasmussen et al., 2011b). These studies 
together with biochemical and spectroscopy methods are being used to determine how the 
extracellular interaction of the receptor with an agonist leads to intracellular signaling 
events (Katritch et al., 2013; Venkatakrishnan et al., 2013). Despite the notable 
differences among the distinct GPCRs, the structures of the receptors in the active state 
reveal a few conformational changes that, although with different magnitudes, appear to 
be shared by these (and perhaps most) GPCRs. One of them happens in the intracellular 
side and is characterized by an outward movement of helix VI that happens 
simultaneously with a motion in helix V (Katritch et al., 2013; Schwartz et al., 2006). The 
intracellular portion of helix VII also undergoes a characteristic inward movement toward 
the middle of the receptor axis. Helix III goes through an upward shift along its axis and a 
small lateral movement (Katritch et al., 2013).  
The GPCR structures also revealed that the region with the most notable structural 
divergence is the extracellular loop region (Wheatley et al., 2012). This is not surprising 
when considering that this region typically constitutes the ligand binding domains. The 
variability in the extracellular loop region creates binding pockets with unique sizes, 
electrostatic properties, and shapes, which account for the substantial diversity among the 
ligands of GPCRs (Katritch et al., 2013; Wheatley et al., 2012). 
The activation of GPCRs by their ligands results in a dynamic equilibrium of a 
number of different conformational states that leads to the activation of several signaling 
pathways (Katritch et al., 2013; Venkatakrishnan et al., 2013). Some ligands appear to 
have higher affinities for a specific subset of receptor conformational states, which may 
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lead to selective activation of certain signaling pathways (Katritch et al., 2013; 
Venkatakrishnan et al., 2013). For instance, it was shown that for the β2-adrenergic 
receptor, balanced ligands that equally activate G proteins and β-arrestin cause striking 
conformational changes in helices VI and VII; in contrast, a biased ligand, that 
selectively activates β-arrestin and does not cause G protein signaling, specifically shifts 
helix VII to an active conformation, and leaves helix VI in its inactive conformation (Liu 
et al., 2012b). This study suggests that conformational changes in helix VI are associated 
with G protein activation and structural rearrangements in helix VII are linked to β-
arrestin recruitment (Katritch et al., 2013; Liu et al., 2012b; Venkatakrishnan et al., 
2013). These results are in agreement with the crystal structure of the β2-adrenergic 
receptor-G protein complex, which shows that helix VII does not interact with the G 
protein (Rasmussen et al., 2011b). Future studies of receptor dynamics using biophysical 
and computational techniques should aid in identifying the different conformational states 
that take place during receptor activation and how they relate to different signaling 
outcomes. These studies will assist the design and development of functionally selective 
ligands (see section 1.2 below). 
 
1.1.4 Signaling properties of G protein coupled receptors 
1.1.4.1 Signaling cycle 
The interaction of an agonist with a GPCR leads to conformational changes in the 
receptor that ultimately induce an active state of heterotrimeric G proteins through the 
replacement of bound guanosine diphosphate (GDP) by guanosine triphosphate (GTP) in 
the Gα subunit (Nygaard et al., 2013; Rasmussen et al., 2011b; Venkatakrishnan et al., 
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2013). G protein activation causes dissociation/rearrangement of the Gα subunit and Gβγ 
subunits that lead to diverse signaling events through a variety of effectors (Khan et al., 
2013; Lefkowitz and Shenoy, 2005; Lefkowitz, 2004; Rasmussen et al., 2011b). 
Following activation of G proteins, G protein-coupled receptor kinases (GRK) can 
phosphorylate the receptor, allowing β-arrestin to be recruited to the GPCR (Katritch et 
al., 2013; Lefkowitz and Shenoy, 2005; Lefkowitz, 2004). Recruitment of β-arrestin can 
lead to receptor desensitization, as well as diverse β-arrestin-mediated signaling events 
(figure 1.1) (Kenakin, 2014a; Lefkowitz and Shenoy, 2005). 
 
Figure 1.1 Signaling through GPCRs. Following receptor activation there is activation 
of heterotrimeric G proteins, which can lead to signaling events through Gα and Gβγ 
dependent mechanisms. Next, GRKs phosphorylate the receptor, thus allowing β-arrestin 












1.1.4.2 Gα subunits 
 Heterotrimeric G proteins are composed of three different subunits denoted α, β, 
and γ (Birnbaumer, 1992; Birnbaumer, 2007). There are four main classes of Gα subunits 
that are grouped according to their signaling outcomes as Gαs, Gαi/o, Gαq/11, and Gα12/13 
(table 1.1) (Birnbaumer, 2007; Moreira, 2014; Neubig and Siderovski, 2002; Worzfeld et 
al., 2008). Gαs subunits activate adenylyl cyclases and, therefore, cause an increase in the 
intracellular levels of cyclic adenosine monophosphate (cAMP), which binds to and 
activates protein kinase A (PKA) (Birnbaumer, 2007; Rasmussen et al., 2011b; Suhara et 
al., 2002). Conversely, Gαi/o subunits inhibit adenylyl cyclases and lead to a decrease in 
the cAMP levels (Birnbaumer, 2007; Suhara et al., 2002; Watts et al., 1998). Gαq/11 
subunits activate phospholipase C (PLC), which then cleaves phosphatidylinositol 4,5-
bisphosphate (PIP2) into diacylglycerol and inositol 1,4,5-trisphosphate (IP3) (Sanchez-
Fernandez et al., 2014). Diacylglycerol activates protein kinase C (PKC), and IP3 
interacts with and activates calcium channels in the endoplasmic reticulum to increase 
intracellular calcium levels (Birnbaumer, 2007; Sanchez-Fernandez et al., 2014). Gα12/13 
subunits activate RhoGEF, which leads to the activation of the small GTPase RhoA 
(Siehler, 2009; Worzfeld et al., 2008). The main focus of the work presented herein is on 






Table 1.1 Classes of Gα  subunits and their signaling outcomes. 
 
Gα  protein class Class members Signaling outcome 
Gα s Gαs, Gαolf Activation of adenylyl cyclases 
Gα i/o Gαi1, Gαi2, Gαi3, Gαo, Gαz, Gαt Inhibition of adenylyl cyclases 
Gαq/11 Gαq, Gα11, Gα14, Gα16, Activation of PLC 
Gα12/13 Gα12, Gα13 Activation of RhoGEF 
 
 
1.1.4.3 Gβγ subunits 
 Activation of GPCRs promotes an exchange of GDP for GTP in the Gα subunit. 
This results in the activation of Gα and Gβγ subunits (Khan et al., 2013; Nygaard et al., 
2013; Rasmussen et al., 2011b; Venkatakrishnan et al., 2013). Gβγ subunits were 
originally thought to be involved solely with the inactivation of Gα subunits, leading to 
reassociation with the GPCR for new signaling cycles (Dupre et al., 2009). And, thus, 
Gβγ subunits were considered to be negative regulators of signaling through Gα subunits. 
Notably, now it is well established that activation of Gβγ subunits can lead to a variety of 
signaling outcomes, including conditional activation of glycine receptors, modulation of 
adenylyl cyclase isoforms (e.g. AC1 and AC2), ERK (extracellular signal-regulated 
kinase) phosphorylation, activation of phospholipase C β2/β3, activation of GIRK (G 
protein-coupled inwardly rectifying potassium) and N-type calcium channels, activation 
of phosphoinositide 3 kinase, and stabilization of microtubules (Cooper and 
Crossthwaite, 2006; Dupre et al., 2009; Khan et al., 2013; Lin and Smrcka, 2011).  
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In humans there are 5 isoforms of Gβ and 12 isoforms of Gγ subunits (Dupre et 
al., 2009; Hurowitz et al., 2000; Khan et al., 2013), and there is evidence that Gβγ dimers 
composed of specific isoforms of Gβ and Gγ may be associated with distinct signaling 
outcomes and coupling to different GPCRs (Asano et al., 1999; Bigler Wang et al., 2011; 
Khan et al., 2013; Richardson and Robishaw, 1999). For instance, it has been shown that 
the Gγ7 subunit is required for dopamine D1 receptor-mediated activation of adenylyl 
cyclases in the striatum (Schwindinger et al., 2003).  
It has also been suggested that Gβγ subunits may be targeted for therapeutic 
purposes. For instance, in heart failure there is a decrease in the cardiac reserve of β-
adrenergic receptors (Smrcka et al., 2008). The progression to heart failure results in 
increased activation of β-adrenergic receptors, leading to Gβγ-mediated activation of 
GRK2 (Hata and Koch, 2003; Smrcka et al., 2008). GRK2 phosphorylates the receptor 
leading to receptor desensitization and retrieval from the membrane (Hata and Koch, 
2003; Lefkowitz and Shenoy, 2005; Smrcka et al., 2008). In rodent models of heart 
failure, inhibition of Gβγ subunits with βARK-CT (the C terminus of GRK2) 
significantly rescued cardiac function (Iaccarino and Koch, 2003; Rockman et al., 1998; 
Smrcka et al., 2008). Moreover, it has been hypothesized that inhibition of Gβγ-mediated 
signaling may be a useful strategy to inhibit inflammation in conditions such as 






 Activation of GPCRs results in receptor phosphorylation by GRKs, which allows 
for the recruitment of β-arrestins to the GPCR (Lefkowitz and Shenoy, 2005; Lefkowitz, 
2004). As highlighted by the nomenclature, recruitment of β-arrestin to the receptor can 
lead to termination of the G protein signaling through three main processes. The first is 
by sterically obstructing additional interactions between receptor and G proteins (Shenoy 
and Lefkowitz, 2011). The second is by removing the receptor from the membrane in 
clathrin-coated vesicles (Ferguson et al., 1996; Goodman et al., 1996). And the third is by 
docking phosphodiesterases and diacylglycerol kinases (enzymes that degrade/inhibit 
second messengers) to the cellular membrane (Nelson et al., 2007; Perry et al., 2002). β-
arrestins were initially linked to the termination of the GPCR signaling cycle, however, it 
is now well established that β-arrestin can also mediate signaling events (Latapy and 
Beaulieu, 2013; Lefkowitz and Shenoy, 2005; Shenoy and Lefkowitz, 2011; Shukla et al., 
2011). 
 It has been hypothesized that the isoform of GRK and the site of phosphorylation 
in the GPCR will dictate the outcome of β-arrestin recruitment (Lefkowitz and Shenoy, 
2005; Shenoy and Lefkowitz, 2011). According to this hypothesis, these two phenomena 
create a phosphorylation “barcode” in the receptor that directs the recruitment of β-
arrestins to specific signaling or endocytic events (Shenoy and Lefkowitz, 2011). This 
hypothesis is supported by studies that showed that phosphorylation of the angiotensin 
AT1A and the vasopressin V2 receptors by GRK2 and GRK3 is associated primarily with 
receptor internalization, whereas phosphorylation by GRK5 and GRK6 causes little 
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receptor internalization, but is necessary for β-arrestin-mediated ERK phosphorylation 
(Kim et al., 2005; Ren et al., 2005). Notably, GPCRs have a number of residues that can 
be phosphorylated by GRKs, and the site of phosphorylation seems to be specific to 
individual GRK isoforms (Busillo et al., 2010; Shenoy and Lefkowitz, 2011). Depending 
on the isoforms of GRK expressed in the cells and the receptor identity, recruitment of β-
arrestin can lead to different signaling events. For instance, in the basal ganglia, 
recruitment of β-arrestin 2 to the dopamine D1 receptor leads to ERK phosphorylation, 
while β-arrestin 2 recruitment to the dopamine D2 receptor leads to dephosphorylation of 
Akt (Del'guidice et al., 2011).  
It seems that β-arrestins mediate signaling events by acting as scaffolds, which 
bring together several components of the signaling cascade (Lefkowitz and Shenoy, 
2005; Shenoy and Lefkowitz, 2011). In the β-arrestin-mediated signaling events 
following activation of the dopamine D2 receptor, for example, β-arrestin interacts with 
Akt and phosphatase 2A (PP2A) (Beaulieu et al., 2005; Beaulieu et al., 2007a; Beaulieu 
et al., 2007b). This signaling complex brings PP2A in close proximity to Akt, and 
facilitates the dephosphorylation of Akt by PP2A (Beaulieu et al., 2005; Beaulieu et al., 
2007a; Beaulieu et al., 2007b; Del'guidice et al., 2011). Similarly, for β-arrestin-mediated 
ERK phosphorylation, β-arrestin forms a complex with cRaf-1, MEK1, and ERK, thus 
grouping the necessary components for the mitogen-activated protein kinase (MAPK) 
signaling cascade (DeFea et al., 2000; Luttrell et al., 2001; Shenoy and Lefkowitz, 2011). 
Because of the multiple possible outcomes of the recruitment of β-arrestins to GPCRs, it 
has been suggested that for several therapies targeting GPCRs the selective 
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activation/inhibition of β-arrestin signaling may lead to improved clinical effects 
(Rominger et al., 2014; Violin et al., 2014; Whalen et al., 2011). 
 
1.1.5 Adenylyl cyclases 
Adenylyl cyclases are important integrators of signaling through GPCRs. 
Adenylyl cyclases are enzymes that catalyze the formation of cAMP from ATP 
(adenosine triphosphate). Structurally, the membrane-bound adenylyl cyclases share an 
overall similar arrangement (Cooper and Crossthwaite, 2006). They are composed of two 
transmembrane clusters (M1 and M2), each containing six transmembrane helices, and 
three intracellular domains: a short N terminus, a large cytoplasmic domain (C1 domain) 
that separates the two transmembrane clusters, and a large C terminus denoted C2 domain 
(figure 1.2) (Cooper and Crossthwaite, 2006; Sadana and Dessauer, 2009; Sunahara et al., 





Figure 1.2 Topology of adenylyl cyclases. Membrane-bound adenylyl cyclases share an 
overall similar arrangement. They are composed of two transmembrane clusters (M1 and 
M2), each containing six transmembrane helixes and three intracellular domains: a short 
N terminus (NT), a large cytoplasmic domain (C1 domain) that separates the two 
transmembrane clusters, and a large C terminus denoted C2 domain. 
 
There are nine different isoforms of membrane-bound adenylyl cyclases and one 
soluble adenylyl cyclase described to date (Cooper and Crossthwaite, 2006; Sadana and 
Dessauer, 2009). The different isoforms of membrane-bound adenylyl cyclases can be 
grouped into four main groups according to their regulatory properties (table 1.2) (Patel 
et al., 2001; Sunahara and Taussig, 2002). Group 1 adenylyl cyclases include AC1, AC3, 
and AC8. These adenylyl cyclases are activated by calcium in a calmodulin-dependent 
manner. AC2, AC4, and AC7 comprise group 2 adenylyl cyclases, and these adenylyl 
cyclases are conditionally activated by Gβγ subunits. Group 3 adenylyl cyclases 
encompass AC5 and AC6, which are inhibited by calcium. Group 4 adenylyl cyclases is 
composed solely of AC9, which is separated from the other isoforms due to its relative 
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insensitivity to the small molecule activator of adenylyl cyclases, forskolin (Cooper and 
Crossthwaite, 2006; Hacker et al., 1998). 
 
 
Table 1.2 Regulatory properties of groups of adenylyl cyclases. ! = stimulation, " = 
inhibition. 
 
Group and members Gα s Gα i/o Gβγ  Ca2+ Forskolin 
1 – AC1, AC3, AC8 ! " " ! ! 
2 – AC2, AC4, AC7 !  !*  ! 
3 – AC5, AC6 ! "  " ! 
4 – AC9 !   "  
* Conditional activation. 
 
1.1.5.1 Physiological functions of adenylyl cyclases 
The different regulatory properties and tissue distribution of the membranous 
adenylyl cyclases suggest that each isoform may serve distinct purposes. In fact, the 
physiological functions of individual adenylyl cyclase isoforms have been investigated in 
studies employing knockout and overexpression animal models (Sadana and Dessauer, 
2009).  
The calcium stimulated adenylyl cyclases, AC1 and AC8, are highly expressed in 
the hippocampus, which is a brain region associated with learning and memory (Ferguson 
and Storm, 2004; Sadana and Dessauer, 2009). Studies suggest that learning and memory 
result from enhanced connectivity between neurons, particularly in the hippocampus 
(Lynch, 2004; Sacktor, 2011). Long-term potentiation (LTP) is a mechanism that 
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strengthens the connections (i.e. synapses) between neurons (Lynch, 2004; Sacktor, 
2011). Therefore, LTP is considered one of the main cellular mechanisms regulating 
memory formation and maintenance (Lynch, 2004; Sacktor, 2011). Notably, LTP is 
disrupted in the hippocampus of double-knockout mice lacking both AC1 and AC8 
(Ferguson and Storm, 2004; Wong et al., 1999). And it was shown that LTP could be 
rescued by forskolin, suggesting that cAMP is an essential component of LTP, and also 
that there are additional adenylyl cyclase isoforms expressed in the hippocampus (Wong 
et al., 1999). Even though the individual knockout of AC1 or AC8 causes a reduction in 
hippocampal mossy fiber LTP, AC1 knockout mice display normal paired-pulse 
facilitation (PPF - a form of short-term synaptic plasticity), whereas AC8 knockout mice 
have impaired PPF (Villacres et al., 1998; Wang et al., 2003). 
In behavioral assays it was observed that the double-knockout animals displayed 
impaired long-term memory in both passive avoidance and contextual learning assays 
(Wong et al., 1999). In contrast, mice lacking only AC1 or AC8 displayed wild-type-like 
behaviors in both passive avoidance and contextual learning assays (Wong et al., 1999). 
Notably, it has been shown that AC1 knockout mice lose remote contextual memories 
faster than wild-type mice (Shan et al., 2008). These results suggest that loss of activity 
of both AC1 and AC8 lead to memory impairments in mice; however, individual 
knockout of either cyclase only causes modest effects in a subset of behavioral assays. 
Calcium-stimulated adenylyl cyclases are also expressed in regions of the central 
nervous system associated with pain and nociception. Specifically, AC1 is expressed in 
the anterior cingulate cortex and in dorsal horn neurons of the spinal cord (Wei et al., 
2006; Xu et al., 2008; Zhuo, 2012). It has been hypothesized that the development of 
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chronic pain shares some cellular mechanistic features with memory formation and 
maintenance, that is, strengthening of synapses through LTP (Ferguson and Storm, 2004; 
Zhuo, 2012). This hypothesis is supported by the fact that behavioral responses of AC1 
knockout mice (but not AC8) to inflammatory and neuropathic pain are largely inhibited 
compared to wild-type animals (Vadakkan et al., 2006; Zhuo, 2012). It was also shown 
that a small molecule inhibitor of AC1 activity (i.e. NB001) has analgesic properties in 
both inflammatory and neuropathic rodent models of pain (Wang et al., 2011). NB001 
also inhibited LTP in neurons from the anterior cingulate cortex and spinal cord, but not 
hippocampus (Wang et al., 2011). Genetic deletion of AC1 also results in neuroprotection 
against N-methyl-D-aspartate (NMDA) receptor-mediated excitotoxicity (Wang et al., 
2007). 
Adenylyl cyclases may also play a role in drug tolerance and dependency. For 
instance, chronic activation of the µ-opioid receptor leads to enhanced activity of 
adenylyl cyclases (see discussion on heterologous sensitization below) (Bohn et al., 2000; 
Duman et al., 1988; Nestler and Tallman, 1988; Watts and Neve, 2005). Moreover, 
naloxone-induced morphine withdrawal behaviors in mice are markedly reduced in AC1 
and AC8 knockout mice (Li et al., 2006; Zachariou et al., 2008). In agreement, genetic 
deletion of AC5, which is the main adenylyl cyclase isoform co-expressed with the µ-
opioid receptor in the striatum, significantly attenuates all main behavioral outcomes of 
morphine treatment, including tolerance, dependence, withdrawal symptoms, reward, 
analgesia, and locomotor activation (Kim et al., 2006; Sadana and Dessauer, 2009). Due 
to its high expression in the striatum, AC5 also appears to be important for motor 
coordination (Iwamoto et al., 2003). It has been shown that AC5 knockout mice display 
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behaviors associated with Parkinson’s disease, such as locomotor impairment, abnormal 
coordination, and bradykinesia (Iwamoto et al., 2003; Sadana and Dessauer, 2009). 
Cyclic AMP signaling and adenylyl cyclases are involved in the olfactory system. 
Specifically, AC3 is highly expressed in olfactory neurons (Sadana and Dessauer, 2009). 
The regulatory properties of AC3 are consistent with its role in olfaction. AC3 is strongly 
stimulated by Gαolf, conditionally activated by calcium/calmodulin, and inhibited by 
calmodulin-dependent protein kinase III (CaMKIII) and regulator of G protein signaling 
2 (RGS2) (Cooper and Crossthwaite, 2006; Sadana and Dessauer, 2009). Genetic deletion 
of AC3 in mice causes significant impairments in olfaction-based behavioral tests and 
olfactory-dependent learning (Wong et al., 2000). Moreover, AC3 knockout mice do not 
perceive mouse pheromones or urine (Wang et al., 2006). 
Cardiac function is also strongly associated with the activity of adenylyl cyclases 
(Wang et al., 2009a). There are a number of GPCRs (e.g. adrenergic and muscarinic 
receptors) expressed in the heart that can regulate the activity of adenylyl cyclases 
(Sadana and Dessauer, 2009; Wang et al., 2009a). AC5 and AC6 are the main adenylyl 
cyclase isoforms expressed in the heart (Sadana and Dessauer, 2009; Wang et al., 2009a). 
It is somewhat surprising that overexpression and knockout studies with AC5 and AC6 
report striking differences in the roles of these closely related adenylyl cyclases in cardiac 
function (Wang et al., 2009a). Overexpression of AC6 enhances left ventricular function 
in heart failure (Lai et al., 2004; Roth et al., 1999). It was also shown that in 
cardiomyocytes AC6 expression leads to protective effects in cardiomyopathy and 
improves heart function (Gao et al., 2004; Wang et al., 2009a). Studies employing AC6 
knockout mice have shown that these animals display cardiac defects and impaired 
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calcium uptake in left ventricular homogenates (Tang et al., 2008). In contrast, genetic 
deletion of AC5 in mice is protective against cardiac pressure overload in a heart failure 
model (Okumura et al., 2003). AC5 knockout mice also display increased longevity and 
protection against age-related cardiomyopathies (Chester and Watts, 2007; Yan et al., 
2007). 
 
1.1.6 Complex signaling pathways downstream of G protein-coupled receptors 
 Besides the activation of immediate signaling proteins, such as G proteins and β-
arrestins, GPCRs can also activate more complex signaling pathways that are 
downstream of those immediate receptor effectors (Brust et al., 2015a). Activation of 
ERK phosphorylation, heterologous sensitization, and dynamic mass redistribution 
(DMR) by GPCRs are signaling events that may be mediated by one or more immediate 
receptor effectors (Brust et al., 2015a; Lefkowitz and Shenoy, 2005; Oak et al., 2001; 
Schroder et al., 2010; Watts and Neve, 2005; Zhu et al., 2013). 
 
1.1.6.1 ERK phosphorylation 
 ERK phosphorylation is a signaling outcome typically associated with the 
activation of receptor tyrosine kinases (RTKs) (McKay and Morrison, 2007). The core 
pathway for ERK phosphorylation involves activation of RTKs leading to the activation 
of Ras, which activates Raf; Raf phosphorylates and activates MEK, which in turn 
phosphorylates ERK (figure 1.3) (McCubrey et al., 2007; McKay and Morrison, 2007). 
There are proteins termed ERK scaffolds that function as docking platforms to bring 
together members of the MAPK (mitogen-activated protein kinase) signaling cascade and 
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facilitate ERK phosphorylation (McKay and Morrison, 2007). As discussed above, β-
arrestins can act as such scaffolding proteins and lead to GPCR-mediated ERK 
phosphorylation (figure 1.3) (DeFea et al., 2000; Luttrell et al., 2001; Shenoy and 
Lefkowitz, 2011). Furthermore, GPCRs may also trigger ERK phosphorylation through 
the activation of G proteins (Rozengurt, 2007). The mechanism leading to ERK 
phosphorylation is highly dependent on the receptor and on the tissue/cell line under 
analysis (Luttrell and Luttrell, 2003).  
 
 
Figure 1.3 Schematic of ERK phosphorylation through GPCRs. Gαi/o-coupled 
receptors can cause ERK phosphorylation through transactivation of RTKs. β-arrestins 
act as scaffolding proteins bringing together Raf, MEK, and ERK to induce ERK 
phosphorylation. Gαq-coupled GPCRs can lead to ERK phosphorylation through the 
activation of PKC. And Gαs-coupled receptors lead to ERK phosphorylation through 
cAMP-dependent mechanisms (i.e. PKA and EPAC). Note that Gβγ subunits are not 
included in the figure, however, as discussed in the text, they are also involved in GPCR-
mediated ERK phosphorylation. 
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Activation of Gαq-coupled GPCRs can lead to ERK phosphorylation through the 
activation of PKC (figure 1.3) (Luttrell and Luttrell, 2003; Rozengurt, 2007). In contrast, 
Gαs-coupled receptors appear to drive ERK phosphorylation through cAMP-dependent 
mechanisms. One proposed model is through PKA activation of Rap-1, which activates 
B-Raf leading to ERK phosphorylation (figure 1.3) (Luttrell and Luttrell, 2003). In 
contrast, it has also been suggested that it is exchange protein activated by cAMP 
(EPAC) that activates Rap-1 to result in ERK phosphorylation (figure 1.3) (Rozengurt, 
2007). Additional studies have suggested that cAMP accumulation can inhibit ERK 
phosphorylation and lead to cell death (Dumaz and Marais, 2005; Zambon et al., 2005). 
These data further corroborate the relevance of the model in studies of GPCR-mediated 
ERK phosphorylation. 
GPCRs coupled to Gαi/o appear to lead to ERK phosphorylation through a 
different mechanism. The reports published to date suggest that there is a transactivation 
of RTKs by GPCRs (Luttrell and Luttrell, 2003; Oak et al., 2001). However, it has also 
been reported that in some tissues GPCRs coupled to inhibitory G proteins can lead to 
ERK phosphorylation through PKC activation (Luttrell and Luttrell, 2003). The 
mechanism for transactivation of RTKs has been associated with a stimulation of the 
release of RTK ligands that are located in the cellular membrane (Luttrell and Luttrell, 
2003). This phenomenon appears to be associated with activation of both Gαi/o and Gβγ 
subunits, since in Chinese hamster ovary (CHO) cells sequestration of Gβγ subunits 
partially inhibits dopamine D2 receptor-mediated ERK phosphorylation and inhibition of 
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Gαi/o with pertussis toxin fully inhibits this response (Brust et al., 2015a; Oak et al., 
2001). 
 
1.1.6.2 Heterologous Sensitization 
 Heterologous sensitization of adenylyl cyclase (also referred to as sensitization, 
superactivation, or supersensitization of adenylyl cyclase) is a cellular adaptive response 
that occurs following persistent activation of Gαi/o-coupled receptors (Watts and Neve, 
2005). Heterologous sensitization is characterized by a marked enhancement in the 
activity of adenylyl cyclases, which results in a paradoxical increase in cAMP production 
(Watts and Neve, 2005). A number of Gαi/o-coupled GPCRs have been shown to cause 
heterologous sensitization of adenylyl cyclase following chronic treatments with receptor 
agonists, including the dopamine D2 receptor and the µ-opioid receptor (Bohn et al., 
2000; Brust et al., 2015a; Brust et al., 2015b; Clark et al., 2004; Watts and Neve, 2005). 
 The detailed molecular mechanism underlying heterologous sensitization is not 
completely understood. However, recent studies have unveiled important mechanistic 
features of heterologous sensitization. The different regulatory properties of adenylyl 
cyclase isoforms suggest that there may be isoform specific mechanisms for heterologous 
sensitization (Sadana and Dessauer, 2009; Watts and Neve, 2005). For instance, it has 
been shown that Gαs is required for sensitization of AC5, but not for AC1 (Vortherms et 
al., 2006; Vortherms et al., 2004). Moreover, group 2 adenylyl cyclases are not sensitized 
to stimulation by Gαs, but chronic activation of the dopamine D2 receptor sensitizes AC2 
to activation by PKC (Avidor-Reiss et al., 1997; Cumbay and Watts, 2001; Nevo et al., 
1998; Rhee et al., 2000; Thomas and Hoffman, 1996; Watts and Neve, 1996). 
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 Gβγ subunits also appear to play an important role in heterologous sensitization. It 
has been shown that sequestration of Gβγ subunits with βARK-CT blunts dopamine D2 
receptor-mediated sensitization of AC5 (Ejendal et al., 2012). Additionally, Gβγ subunits 
can inhibit AC1 and conditionally activate AC2, suggesting that the roles of Gβγ subunits 
in heterologous sensitization may be isoform-dependent (Cooper and Crossthwaite, 2006; 
Sunahara and Taussig, 2002). The activity of adenylyl cyclase isoforms can also be 
regulated by direct phosphorylation (Sadana and Dessauer, 2009; Watts and Neve, 2005). 
Protein kinases such as PKA, PKC, and calmodulin kinases (CaMK) regulate the activity 
of adenylyl cyclase isoforms through direct phosphorylation (Chen et al., 1997; Defer et 
al., 2000; Sadana and Dessauer, 2009; Wayman et al., 1996). Therefore, it is possible that 
the phosphorylation state of adenylyl cyclases may be regulated during heterologous 
sensitization to enhance cAMP production. 
Since it was first described, heterologous sensitization has been associated with 
opioid tolerance and dependence (Sharma et al., 1975). However, for opioid receptors it 
has been shown that the recruitment of β-arrestin appears to be linked to morphine 
tolerance, while heterologous sensitization is associated with morphine dependence 
(Bohn et al., 2000). It has also been shown that tissue injury in mice produces enhanced 
µ-opioid receptor constitutive activity, which inhibits signaling events associated with 
nociception in neurons of the spinal cord (Corder et al., 2013). Notably, in the injured 
mice, inhibition of the constitutive activity of the µ-opioid receptor with naltrexone in the 
post-hyperalgesia state results in pain reinstatement, induction of behaviors consistent 
with opioid dependence, and also causes heterologous sensitization of AC1 in the spinal 
cord (Corder et al., 2013). These results are consistent with previous reports and further 
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strengthen the link between heterologous sensitization and physiological responses 
observed following chronic treatment with agonists of Gαi/o-coupled receptors (e.g. 
opioid dependence) (Bohn et al., 2000; Corder et al., 2013). 
 
1.1.6.3 Dynamic Mass Redistribution 
 Dynamic mass redistribution (DMR) is a label-free platform that detects 
phenotypic changes in a cell (Fang et al., 2006). Specifically, DMR refers to changes in 
cell shape caused by movement of biomolecules within the cell (Fang et al., 2006; 
Schroder et al., 2011). There are numerous cellular processes that induce movement of 
biomolecules in a cell, including signaling events associated with GPCRs (Schroder et 
al., 2011). Measurements of DMR in response to GPCR activation are accomplished by 
temporally monitoring changes in the refractive index of the cells during receptor 
activation (Brust et al., 2015a; Schroder et al., 2010; Schroder et al., 2011). A polarized 
broadband light is directed at the bottom of a microplate, which contains a resonant 
waveguide grating biosensor in contact with the cells. The interface between biosensor 
and cells creates an optical system that propagates and reflects the specific wavelength 
that is in resonance with the system (Schroder et al., 2011). Redistribution of cellular 
mass towards the interface between cell and biosensor results in positive DMR, in 
contrast, redistribution of mass away from the cell-biosensor interface results in negative 
DMR values (Schroder et al., 2011). These DMR changes are calculated by normalizing 
the reflected wavelength at the basal state to a value equal to zero. Increases in the 
reflected wavelength are associated with positive DMR, and decreases with negative 
DMR (Schroder et al., 2011). 
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 Readouts from DMR and other cell phenotypic assays have clear advantages and 
disadvantages when compared to other more traditional methods utilized to measure 
activity of GPCRs. One advantage is that DMR is a label-free integrated cellular response 
that for GPCRs, in theory, reflects the activation of multiple signaling pathways 
(Schroder et al., 2010; Schroder et al., 2011). Therefore, DMR readouts should reflect a 
generalized receptor response, which encompasses the multiple ways a ligand can induce 
receptor signals. Nevertheless, measures of individual signaling pathways are also 
important and may have notable clinical implications (Kenakin, 2012; Mailman, 2007; 
Rominger et al., 2014). Further, it may be difficult and laborious to deconvolute the DMR 
signals in order to define which components of the GPCR signaling cascade are depicted 
in the DMR response. Recent efforts suggest that the main DMR peak reflects activation 
of Gα proteins (Schroder et al., 2010). Further studies are needed to determine the role of 
Gβγ subunits and β-arrestins in DMR. 
 
 
1.2 Functional Selectivity 
1.2.1 History and definition: 
  As mentioned above, GPCRs can activate multiple signaling pathways. These 
pathways include immediate receptor effectors (i.e. Gα and Gβγ subunits, and β-
arrestins) and more complex pathways that are downstream of the immediate effectors 
(e.g. ERK phosphorylation and heterologous sensitization) (Brust et al., 2015a). Notably, 
there are ligands that upon interaction with a GPCR induce a receptor conformation that 
favors the activation of one signaling pathway relative to another (figure 1.4) (Kenakin, 
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2012; Kenakin and Christopoulos, 2013b; Liu et al., 2012a; Urban et al., 2007a; 
Venkatakrishnan et al., 2013; Violin et al., 2014; Whalen et al., 2011). These ligands are 
termed functionally selective or biased ligands (Kenakin, 2012). In extreme cases, biased 
ligands can behave as both agonists and antagonists for different signaling pathways 
downstream of the same receptor (Brust et al., 2015b; Free et al., 2014; Urban et al., 
2007a). 
 
Figure 1.4 Functional selectivity downstream of GPCRs. a. A balanced ligand 
interacts with the GPCR and equally activates signaling through G proteins and β-
arrestin. b. An antagonist interacts with the GPCR and inhibits signaling through G 
proteins and β-arrestin. c. A G protein-biased ligand* interacts with the GPCR and 
activates signaling through G proteins in the absence of β-arrestin activation. d. A β-
arrestin-biased ligand* interacts with the GPCR and activates signaling through β-arrestin 
in the absence of G protein activation. *Note that, as discussed below, compounds that 
display shifts in potency and/or efficacy in one pathway relative to another may also be 
considered biased. 
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Even though a large portion of the literature on functional selectivity is fairly 
recent, examples and ideas of “functional mismatches” and “configurational selectivity” 
have been presented decades ago (Jim et al., 1985; Kenakin et al., 1991; Portoghese, 
1965; Roth and Chuang, 1987; Urban et al., 2007a). Portoghese (1965) described a 
method to determine similarities and differences in the mode of binding of ligands of 
“analgesic-receptors”. The differences in the activity of structurally related compounds 
indicated the “configurational selectivity”, in which the interaction of the compound with 
receptor would dictate the “discriminatory power” of the receptors associated with the 
activity observed (Portoghese, 1965). Two decades later, Jim and colleagues (1985) 
reported inconsistencies between molecular efficacies and functional physiological 
responses of α1-adrenergic receptor agonists in venous smooth muscle (Jim et al., 1985). 
And in 1987 Roth and Chuang hypothesized that it could be possible to design ligands of 
serotonin receptors that would only activate or inhibit a subset of the receptor’s 
responses, thus defining the basis of functional selectivity and biased signaling (Roth and 
Chuang, 1987). Notably, it was not until 1998 that the term “biased agonist” was 
introduced for [D-Arg1,D-Phe5,D-Trp7,9,Leu11]substance P at neuropeptide receptors (Jarpe 
et al., 1998). 
 
1.2.2 Clinical relevance and examples of biased ligands 
 As discussed above, GPCRs are very important drug targets; and the activation of 
these receptors is associated with propagation of signal through multiple pathways. 
However, activation of all signaling pathways downstream of a GPCR may not be a 
clinically desired feature of a drug. It has been hypothesized that for several GPCRs only 
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a subset of receptor responses is associated with the therapeutic effects of drugs, while 
the additional signaling pathways may be associated with undesired side effects 
(Mailman, 2007; Rominger et al., 2014; Violin et al., 2014; Whalen et al., 2011). 
Therefore, it has been hypothesized that the use of biased ligands may improve the safety 
and specificity of drug therapies targeting GPCRs (Whalen et al., 2011). 
 Studies with several GPCRs have provided evidence that selective activation of 
signaling pathways downstream of a GPCR may lead to safer and more effective drug 
therapies. For instance, several studies suggest that a G protein-biased ligand (i.e. a 
ligand that selectively activates G proteins over β-arrestin) for the µ-opioid receptor can 
lead to enhanced analgesic effects and decreased tolerance (Bohn et al., 2004; Bohn et al., 
2000; Bohn et al., 1999). In mice lacking β-arrestin 2, morphine displays enhanced 
analgesia with a robust reduction in behaviors associated with tolerance, respiratory 
depression, and constipation (Bohn et al., 2004; Bohn et al., 2000; Bohn et al., 1999; 
Raehal et al., 2005). Recently, a biased ligand that potently activates G proteins while 
inducing minimal recruitment of β-arrestins to the µ-opioid receptor (TRV130) has been 
described (DeWire et al., 2013). Notably, in comparison to morphine TRV130 causes 
enhanced analgesia with reduced gastrointestinal dysfunction and respiratory depression 
in mice (DeWire et al., 2013). Clinical trials are now being conducted with TRV130 and 
may lead to the first rationally designed biased ligand that is used clinically (Soergel et 
al., 2014; Violin et al., 2014). 
Functional selectivity has also been studied at adrenergic receptors. It was 
suggested that, in therapies for obstructive lung disease, G protein-biased ligands at the 
β2-adrenergic receptor may lead to bronchodilation with reduced receptor tachyphylaxis 
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(Deshpande et al., 2008; Wang et al., 2009b). These studies suggested that the activation 
of G proteins is associated with bronchodilation and the recruitment of β-arrestins causes 
receptor desensitization and also sterically prevent additional G protein activation cycles 
(Rominger et al., 2014; Whalen et al., 2011). It has also been suggested that a β-arrestin-
biased ligand for the β1-adrenergic receptor may provide the beneficial effects of β-
blockers along with increased cell survival (through β-arrestin-mediated ERK 
phosphorylation), a desired outcome of patients with arrhythmia and hypertension 
following myocardial infarctions (DeWire and Violin, 2011; Whalen et al., 2011). 
Biased signaling has also been suggested to be a strategy for improving the safety 
of antipsychotic drugs targeting the dopamine D2 receptor. Antipsychotic drugs are 
antagonists (or partial agonist in the case of aripiprazole) of the dopamine D2 receptor 
(Brust et al., 2015b; Mailman and Murthy, 2010; Shapiro et al., 2003). It has been shown 
that clinically used antipsychotic drugs are also antagonists of β-arrestin recruitment to 
the dopamine D2 receptor (Masri et al., 2008). A recent study suggested that ligands that 
are inhibitors of Gαi/o signaling and activate β-arrestin recruitment to the dopamine D2 
receptor lead to behaviors consistent with antipsychotic activity with reduced 
extrapyramidal side effects in mice (Allen et al., 2011). These results combined with the 
studies described above support the use and development of biased ligands as a path to 
improve the safety and efficacy of drug therapies targeting GPCRs. The pursuit of 
functionally selective compounds is quickly becoming a common strategy in rational 




1.2.3 Quantification of functional selectivity 
Heightened awareness of the potential benefit of pathway-biased ligands has 
created the need for methods to efficiently quantify and compare agonist-mediated 
activity through multiple pathways. Drug-induced divergences in potency and/or efficacy 
may also lead to biased signaling. However, methods to calculate the degree of bias of a 
ligand were not available until recently (Kenakin and Christopoulos, 2013b). The new 
quantitative methods incorporate efficacy and potency to calculate “bias factors” 
(Kenakin and Christopoulos, 2013b; Kenakin et al., 2012; Rajagopal et al., 2011). The 
values from these methods reflect the relative activities of a test ligand compared with 
that of a reference compound for activating one effector pathway relative to another, such 
as Gα versus β-arrestin signaling. All methods to quantify functional selectivity 
determine bias as a relative measure (Kenakin and Christopoulos, 2013b; Rajagopal et 
al., 2011). Therefore, functional selectivity is always relative to a reference compound. 
Moreover, functional selectivity can also be dependent on the system (receptor reserve), 
on the amplification of the response being measured, on the assay temperature, and on the 
assay incubation time (Kenakin, 2014b; Kenakin et al., 2012; Pereira et al., 2014; Urban 
et al., 2007b). In most scenarios, the quantitative methods of measuring ligand bias take 
into account the system bias and signal amplification (Kenakin, 2009; Kenakin and 
Christopoulos, 2013b; Kenakin et al., 2012). However, divergences in assay temperature 





1.2.3.1 Equimolar comparison 
 The equimolar comparison was first described in 2010 by Gregory and colleagues 
(Gregory et al., 2010). It represents the simplest method of determining ligand bias. In the 
equimolar comparison normalized responses of two signaling pathways for equal 
concentrations of ligand are plotted against each other (Gregory et al., 2010; Rajagopal et 
al., 2011). Shifts on the plots toward one of the axes in comparison with a reference 
compound indicate bias for the pathway on that axis (Brust et al., 2015a; Gregory et al., 
2010; Rajagopal et al., 2011). Even though the equimolar comparison is simple and easy 
to perform, it is only a qualitative measure and cannot quantify the degree of bias of a 
ligand. 
 
1.2.3.2 Equiactive comparison 
 The equiactive comparison is also relatively simple. However, in contrast to the 
equimolar comparison, it is a quantitative method of determining ligand bias. The 
equiactive comparison model compares the log of the ratios of the relative activity of the 
test compounds with the reference compound (Brust et al., 2015a; Ehlert, 2008; Griffin et 
al., 2007; Rajagopal et al., 2011). This quantitative method uses EC50 values and the 
maximal effects of the compounds from standard sigmoid curve-fitting approaches to 
generate a bias factor using the following equation: 
!"#$!!"#$%& = !"# !"#$%&'"!!"#$%$#&!",!"#!"#$%&'"!!"#$%$#&!",!"#  
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where Emax is the maximal effect of the compound, EC50 is the EC50 value of the 
compound, lig is the compound being analyzed, ref is the reference compound, path1 is 
one of the pathways being analyzed, and path2 is the other pathway being analyzed. 
 
1.2.3.3 Black and Leff operational model 
 There are two methods of quantifying ligand bias that use the Black and Leff 
operational model: the transduction coefficient and the sigma comparison (Black and 
Leff, 1983; Kenakin et al., 2012; Rajagopal et al., 2011). The Black and Leff operational 
model was originally developed as a quantitative pharmacological model that describes 
ligand agonism using three parameters: the affinity of the ligand for the 
receptor/signaling complex (KA), the receptor density (R0), and the transduction of the 
agonist/receptor complex into a pharmacological effect (KE) (Black and Leff, 1983). 
Therefore, in theory this method quantifies pharmacological responses regardless of 
signal amplification and receptor reserve. 
 An easy and accurate way of defining and visualizing the Black and Leff 
operational model is as a mathematical rearrangement of three distinct Hill equations: 
concentration of agonist by effect, concentration of agonist by receptor occupancy, and 
receptor occupancy by effect (figure 1.5) (Black and Leff, 1983). 
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Figure 1.5 Graphical representation of the Black and Leff operational model. The 
Black and Leff operational model is based on the rearrangement of three different Hill 
equations: concentration of agonist (log [A]) by effect (E), concentration of ligands by 
receptor occupancy (AR), and receptor occupancy by effect. 
 
 Arithmetical rearrangements of the Hill equations that express concentration of 
agonist by receptor occupancy and receptor occupancy by effect with the introduction of 
the term τ (τ = R0/ KE) that denotes the transduction ratio (i.e. efficiency of signal 
transduction) lead to an equation that can be used to plot data from a third Hill equation 
(concentration of agonist by effect): 
!"#$%&#" = !"#$!×!!!!×![!]!!!!×![!]! + ( ! + !!)! 
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where Emax is the maximal effect of the compound, τ is the transduction ratio, [A] is the 
concentration of ligand, KA is the functional affinity, and n is the transducer slope of the 
curve. In this equation τ accounts for the ligand’s relative efficacy, which takes into 
account the responsiveness of the system, and KA accounts for the ligand’s relative 
potency (Black and Leff, 1983; Kenakin, 2004; Kenakin, 2014b). Note that these terms 
are different from EC50 and maximal response (commonly used to denote potency and 
efficacy, respectively) that are obtained by fitting pharmacological data into the Hill 
equation (Goutelle et al., 2008). 
 
1.2.3.4 Transduction coefficient 
 The transduction coefficient method uses functional data plotted in the Black and 
Leff operational model to quantitatively determine ligand functional selectivity (Kenakin 
et al., 2012). This method uses the calculated τ and KA values in the following equation to 
generate a bias factor: !"#$!!"#$%& = ΔΔ!"# !!!  
= !"# !!! !"# − !"# !!! !"# !"#!! − !"# !!! !"# − !"# !!! !"# !"#!! 
where τ is the coupling efficiency and KA is the conditional affinity. Both are obtained by 
fitting the data to the Black and Leff operational model. The use of the Black and Leff 
operational model combined with the ratios of τ/KA allow for remarkable consistency of 
results of the transduction coefficient regardless of the model system and signal 
amplification (Kenakin and Christopoulos, 2013b; Kenakin et al., 2012). Notably, the 
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transduction coefficient method is very similar to the equiactive comparison when the 
slopes of the dose-response curves are close to one. In these cases, the ΔΔlog(τ/KA) from 
the transduction coefficient would be proportional to the ΔΔlog(Emax/EC50) that is used 
in the equiactive comparison (Brust et al., 2015a; Kenakin, 2014b). 
 
1.2.3.5 Sigma comparison 
 The sigma comparison also uses the Black and Leff operational model for 
calculating ligand bias. However, in contrast to the transduction coefficient method, in 
the sigma comparison the KA is set to the ligands dissociation constant (Ki) obtained from 
competitive binding assays (Rajagopal et al., 2011). Additionally, the sigma comparison 
treats the data obtained from the Black and Leff operational model differently, and uses 
the τ values in the following equations: 
!!"# = !"# !!"#!!"#  
!"#$!!"#$%& = !!"#!"#!! − !!"#!"#!!2  
where τ is the coupling efficiency and σ is the effective signaling. Even though the sigma 
comparison and the transduction coefficient differ in at least two important aspects, if the 
functional KA obtained in the transduction coefficient is similar to the affinity constants 
obtained from competitive binding assays (Ki) the bias factors from these two analyses 
should display good agreement (Kenakin and Christopoulos, 2013b). 
 In summary, the most used methods to quantify functional selectivity appear to 
display marked similarities. When the Hill slope of the concentration-response curves of 
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the compounds is equal to unity, the equiactive comparison and the transduction 
coefficient become proportional and the results converge (Brust et al., 2015a; Kenakin 
and Christopoulos, 2013b; Kenakin et al., 2012). The sigma comparison is similar to the 
transduction coefficient in cases that the ligand’s binding affinity is equal to its functional 
KA obtained from the Black and Leff equation (Kenakin and Christopoulos, 2013a; 
Kenakin and Christopoulos, 2013b). Differences between those two parameters can lead 
to striking inconsistencies in the bias factors (Brust et al., 2015a; Kenakin and 
Christopoulos, 2013a). One limitation of all these methods is that the nature of the data 
transformations precludes the traditional quantitative analyses from incorporating data 
from antagonists or inverse agonists. The utility of the equimolar comparison is limited 
by its qualitative nature; nevertheless, this method can be used to analyze data from 
antagonists or inverse agonists (Brust et al., 2015a). 
 
 
1.3 Dopamine receptors 
1.3.1 Dopamine: neuroanatomy and function 
Dopamine is a catecholaminergic neurotransmitter that exerts its actions through 
different GPCRs in the central nervous system (figure 1.6). Dopamine was first 
synthesized in 1910 by George Barger and James Ewens in England (Blum et al., 2012). 
However, it was not until the late 1950’s that dopamine was discovered as a 
neurotransmitter by Nobel laureate Dr. Arvid Carlsson (Carlsson et al., 1957; Carlsson et 
al., 1958). Before Dr. Carlsson’s discovery, dopamine was thought to be only a precursor 
of norepinephrine and epinephrine. 
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Figure 1.6 Chemical structure of dopamine. 4-(2-aminoethy)benzene-1,2-diol. 
 
The physiological synthesis of dopamine starts with the rate-limiting step, which 
is the hydroxylation of L-Tyrosine by the enzyme tyrosine hydroxylase to generate L-
dihydroxyphenylalanine  (L-DOPA); next, DOPA decarboxylase removes the carboxylic 
acid group from L-DOPA to generate dopamine (Beaulieu and Gainetdinov, 2011). 
Because of dopamine’s lack of bioavailability, L-DOPA is commonly used in dopamine-
replacement therapies.  
There are four main dopaminergic pathways in the human brain. The 
neurocircuitry of the projections ascending from the brainstem can be divided in three 
main pathways (i.e. mesostriatal, mesolimbic, and mesocortical tracts) (Taber et al., 
2012). The mesostriatal pathway (i.e. nigrostriatal pathway) is mainly involved in the 
control of voluntary movements and loss of these neurons results in Parkinson’s disease 
(Hegarty et al., 2013). The mesolimbic pathway is associated with positive 
reinforcement, including natural rewarding and drug abuse. Neurons from the mesolimbic 
tracts project to the nucleus accumbens, as well as to the amygdala, olfactory tubercle, 
and septum (Taber et al., 2012). Notably, all major classes of drugs of abuse activate the 
mesolimbic dopaminergic pathway. The mesocortical pathway is thought to be mainly 




hedonic evaluation). In humans this pathway projects to the entire cortical mantle (Taber 
et al., 2012). Dysfunctions in the mesocortical pathway are associated with schizophrenia 
(Masana et al., 2012). There is also the tubero-infundibular dopaminergic pathway, which 
projects from the hypothalamus to the portal veins of the pituitary gland (Petty, 1999). 
This pathway regulates the release of prolactin in the blood, and dysfunctions in this 
pathway are associated with loss of libido and amenorrhea in women and loss of libido 
and impotence in men (Petty, 1999). 
 
1.3.2 Signaling properties and expression patterns of dopamine receptors 
There are five different types of dopamine receptors in humans (i.e. D1, D2, D3, 
D4, and D5) (Beaulieu and Gainetdinov, 2011). As previously mentioned, these receptors 
belong to the large family of GPCRs (Fredriksson et al., 2003). The dopamine receptors 
are divided into two different groups: the D1-like receptors (i.e. D1 and D5) and the D2-
like receptors (i.e. D2, D3, and D4) (Beaulieu and Gainetdinov, 2011). This classification 
regards the general effects of these receptors on adenylyl cyclases (figure 1.7). The D1-
like receptors couple to stimulatory Gα subunits of G proteins and, thus, stimulate 
adenylyl cyclases. Conversely, the D2-like receptors couple to inhibitory Gα subunits of 




Figure 1.7 G protein signaling through dopamine receptors. D2-like receptors (D2, 
D3, and D4) couple to inhibitory G proteins to inhibit adenylyl cyclases. In contrast, D1-




Dopamine receptors can also recruit β-arrestins and mediate β-arrestin-dependent 
signaling events, which also appear to differ for dopamine D1 and D2 receptors 
(Del'guidice et al., 2011). In the basal ganglia dopamine D1 receptors lead to β-arrestin-
mediated ERK phosphorylation through the mechanisms described above (figure 1.8). In 
contrast, signaling through β-arrestins by dopamine D2 receptors leads to Akt 
dephosphorylation, which is accomplished by the formation of a protein complex 
containing β-arrestin, protein phosphatase 2A (PP2A), and Akt (figure 1.8) (Beaulieu et 
al., 2005; Beaulieu et al., 2007a; Del'guidice et al., 2011). 
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Figure 1.8 β-arrestin-mediated signaling through dopamine receptors. Signaling 
through β-arrestins by dopamine D2 receptors leads to Akt dephosphorylation through the 
formation of a protein complex containing β-arrestin, PP2A, and Akt. In contrast,!
dopamine D1 receptors lead to β-arrestin-mediated ERK phosphorylation through the 
formation of a signaling complex composed of β-arrestin, Raf, MEK, and ERK. 
 
All dopamine receptors are expressed in the basal ganglia, which are the regions 
of the brain that display the highest expression levels of dopamine receptors (Hurd et al., 
2001). Both dopamine D1 and D2 receptors are expressed at high levels in the striatum 
(caudate and putamen) and nucleus accumbens, however, only the dopamine D2 receptor 
is expressed in the substantia nigra and ventral tegmental area (Hurd et al., 2001; Jackson 
and Westlind-Danielsson, 1994). 
The dopamine D1 receptor also displays moderate levels of expression in the 
cerebral cortical areas, and high levels of expression in the olfactory tubercle and septal 
region (Hurd et al., 2001; Jackson and Westlind-Danielsson, 1994). The dopamine D2 
receptor displays high levels of expression in the olfactory tubercle, thalamus, 
hypothalamus, and pineal gland; moderate levels of expression in the hippocampus; and 
low to moderate levels of expression in the cerebral cortex, and amygdala (Bouthenet et 
al., 1987; Hurd et al., 2001; Jackson and Westlind-Danielsson, 1994). The dopamine D3 
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receptor is found at higher levels in the thalamus and stria terminalis (Jackson and 
Westlind-Danielsson, 1994). The dopamine D4 receptor is expressed at higher levels in 
the frontal cortex, olfactory bulb, amygdala, and medulla oblongata (Jackson and 
Westlind-Danielsson, 1994). And the dopamine D5 receptor is expressed at higher levels 
in the cerebral cortex and hypothalamus (Jackson and Westlind-Danielsson, 1994). 
 
1.3.3 Dysfunctions in the dopaminergic system 
 The dopaminergic system is targeted for several drug therapies. The dopamine D2 
receptor, for instance, is the main target in therapies for Parkinson’s disease and 
schizophrenia (Mailman and Murthy, 2010; Meissner et al., 2011). Disruptions of the 
dopaminergic signaling have also been linked to other neurological dysfunctions, such as 
depression, bipolar disorder, Tourette’s syndrome, drug abuse, Huntington’s disease, and 
attention-deficit/hyperactivity disorder (ADHD) (Beaulieu and Gainetdinov, 2011). 
 Parkinson’s disease (PD) is a neurodegenerative disorder that directly affects the 
supply of dopamine in the brain. Specifically, in PD there is a progressive loss of neurons 
from the substantia nigra that compose the mesostriatal pathway (Dauer and Przedborski, 
2003; Fahn, 2010; Wirdefeldt et al., 2011). As discussed above, the mesostriatal pathway 
is involved in movement control, and, therefore, patients with PD display bradykinesia, 
rigidity, and resting tremors (Meissner et al., 2011; Wirdefeldt et al., 2011). These 
symptoms are commonly treated with dopamine-replacement therapies, the most 
common of which is the dopamine precursor L-DOPA (Clarke, 2010; Meissner et al., 
2011). Further, dopamine D2 receptor agonists, such as pramipexole, ropinirole, and 
rotigotine are also used (Meissner et al., 2011). However, the treatments with 
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dopaminergic agents are limited by the onset of dyskinesias, which are involuntary 
movements perturbing head, trunk, and limbs (Clarke, 2010; Meissner et al., 2011; 
Wirdefeldt et al., 2011). Even though a cure for PD remains to be discovered, the 
dopamine-replacement therapies (at least in the initial several years of treatment) provide 
significant reductions of the symptoms caused by the disease and result in considerable 
improvements in the quality of life of PD patients (Clarke, 2010; Meissner et al., 2011). 
In contrast to the therapies for PD, the antipsychotic agents that are utilized to 
treat schizophrenia are antagonists of dopamine receptors (specifically the dopamine D2 
receptor) (Lieberman et al., 2008). According to the dopamine hypothesis of 
schizophrenia, antagonists of dopamine receptors would decrease the positive symptoms 
of schizophrenia (Creese et al., 1976). In agreement, the first generation of antipsychotic 
drugs (e.g. haloperidol, fluphenazine) are antagonists of the dopamine D2 receptor, while 
second generation antipsychotic drugs (e.g. clozapine, risperidone) display a more 
complex pharmacology, antagonizing both the dopamine D2 and serotonin 5HT2A 
receptors to yield their antipsychotic effects (Mailman and Murthy, 2010). The first 
generation agents, and to some extent the second generation antipsychotic drugs, also 
antagonize other GPCRs in the central nervous system (e.g. muscarinic and histamine as 
well as other dopamine and serotonin receptors) resulting in a number of side effects 
(Lieberman et al., 2008). 
It has been hypothesized that in schizophrenia there is an enhancement in the 
dopaminergic activity of the mesolimbic system that leads to the positive symptoms of 
the disease (e.g. hallucinations, though disorders, delusions), and a decrease in 
dopaminergic activity in the mesocortical pathway that is associated with the negative 
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symptoms (e.g. poor self care, social withdrawal, blunted emotion) (Guillin et al., 2007; 
Lieberman et al., 2008; Mailman, 2007). Therefore, it has been suggested that a partial 
agonist of the dopamine D2 receptor would inhibit dopaminergic activity in the 
mesolimbic system and enhance dopaminergic activity in the mesocortical pathway, 
giving rise to the theory of “dopamine stabilizers” (Mailman and Murthy, 2010; 
Tamminga and Carlsson, 2002).  
Aripiprazole is a partial agonist of the dopamine D2 receptor and has been 
proposed to be a prototype for third generation antipsychotics (Jones et al., 2009; 
Mailman and Murthy, 2010). In clinical studies, aripiprazole was effective in acute and 
maintenance treatments of schizophrenia (DeLeon et al., 2004). Aripiprazole was also 
better than the second generation antipsychotic olanzapine for improving neurocognitive 
symptoms and was efficacious for treatments of other behavioral and mental illnesses, 
such as bipolar disorder and treatment-resistant anxiety and mood disorders (DeLeon et 
al., 2004; Pae et al., 2011). Remarkably, in comparison to other antipsychotic drugs, 
aripiprazole displays a significantly lower propensity of causing extrapyramidal 
symptoms and other commonly observed side effects (Marder et al., 2003). 
Notably, there are a few additional hypotheses besides “dopamine stabilization” 
that have been suggested to explain aripiprazole’s improved clinical effects, including 
functional selectivity (Allen et al., 2011; Brust et al., 2015b; Burris et al., 2002; Mailman 
and Murthy, 2010; Shapiro et al., 2003; Urban et al., 2007b). The studies conducted to 
examine the molecular pharmacology of aripiprazole report interesting and often 
contrasting results. For instance, previous studies utilizing HEK and CHO cells have 
demonstrated that aripiprazole is a partial agonist for recruitment of β-arrestin and 
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inhibition of cAMP accumulation through the dopamine D2 receptor (i.e. Gα signaling) 
(Allen et al., 2011; Burris et al., 2002; Lawler et al., 1999; Shapiro et al., 2003). In 
contrast, it has also been reported that, in CHO cells, aripiprazole is an antagonist in 
GTPγS binding assays with the dopamine D2 receptor, which may suggest some level of 
G protein inhibition (Fell et al., 2009; Shapiro et al., 2003). It was also revealed that 
aripiprazole failed to activate outward potassium currents following activation of the 
dopamine D2 receptor in MES-23.5 cells, indirectly suggesting that it was inactive or 
possibly an antagonist for Gβγ signaling through the dopamine D2 receptor (Shapiro et 
al., 2003). Therefore, it appears that the molecular pharmacology of aripiprazole is 
dependent on the model system (i.e. cell line) and the method used to measure dopamine 
D2 receptor activity. 
The functional selectivity studies previously performed with aripiprazole-like 
compounds suggest somewhat opposing hypotheses. It has been proposed that 
aripiprazole’s antagonist properties at β-arrestin signaling through the dopamine D2 
receptor are key for antipsychotic activity (Beaulieu et al., 2007a; Del'guidice et al., 
2011; Masri et al., 2008). Inhibition of β-arrestin results in higher Akt activity and, thus, 
glycogen synthase kinase 3 inhibition potentially leading to antipsychotic activity 
(Beaulieu et al., 2008; Beaulieu et al., 2005; Urs et al., 2012). In contrast, it has been 
shown by another group that aripiprazole is a partial agonist of β-arrestin through the 
dopamine D2 receptor (Allen et al., 2011). They reported that aripiprazole analogs that 
selectively activate β-arrestin cause behaviors consistent with antipsychotic activity with 
decreased extrapyramidal symptoms in mice. These seemingly opposing hypotheses can 
be merged by presuming that some level of β-arrestin agonism/antagonism (i.e. partial 
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1.4 Opioid receptors 
1.4.1 Neuroanatomy and function of opioid receptors 
 Opioid receptors are among the most studied GPCRs. To date, 4 different types of 
opioid receptors have been described: µ- (for morphine), δ- (for vas deferens), and κ- (for 
ketocyclazocine) opioid, and nociceptin/orphanin FQ receptors (Waldhoer et al., 2004). 
All opioid receptors couple to inhibitory Gαi/o proteins, although coupling to additional G 
proteins (i.e. Gs and Gz) has also been reported (Evans, 2004; Waldhoer et al., 2004). And 
the structures of all opioid receptors have been determined through X-ray crystallography 
studies (Granier et al., 2012; Manglik et al., 2012; Thompson et al., 2012; Wu et al., 
2012). Because opioids have been used for medical and recreational purposes since 
antiquity, the analgesic and psychotropic effects that result from the activation of these 
receptors (especially the µ-opioid receptor) are well known (Evans, 2004; Williams et al., 
2013). In general, µ- and δ-opioid receptors are associated with analgesia and reward, the 
κ-opioid receptor is linked to dysphoria, and the nociceptin/orphanin FQ receptors are 
linked to pain processing and anxiolytic actions (Evans, 2004; Meis, 2003; Raehal et al., 
2011; Waldhoer et al., 2004; Williams et al., 2013). 
 The µ-opioid receptor is widely distributed throughout the central nervous system 
(Mansour et al., 1988). Brain regions such as the neocortex, dorsal horns of the spinal 
cord, striatum, nucleus accumbens, thalamus, hippocampus, amygdala,!nucleus tractus 
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solitaries,!inferior and superior colliculi, and spinal trigeminal nucleus express high levels 
of the µ-opioid receptor (Mansour et al., 1995; Mansour et al., 1988). Among the cortical 
regions, a high level of expression of the µ-opioid receptor in the anterior cingulate 
cortex has been demonstrated in humans (Jones et al., 1991). The µ-opioid receptor is 
commonly targeted for analgesic effects (Waldhoer et al., 2004). However, the onset of 
tolerance, dependence, respiratory depression, and constipation limit the use of therapies 
targeting this receptor (Evans, 2004; Waldhoer et al., 2004; Williams et al., 2013). 
Notably, studies with knockout mice suggested that all physiological effects caused by 
morphine result from the activation of µ-opioid receptors (Evans, 2004; Gaveriaux-Ruff 
and Kieffer, 2002). 
 The δ-opioid receptor displays higher levels of expression in olfactory-related 
neural areas, striatum, neocortex, amygdala, and nucleus accumbens (Mansour et al., 
1995; Mansour et al., 1988). Studies with knockout mice have suggested that the δ-opioid 
receptor plays a role in pain processing and may also mediate anxiolytic effects 
(Gaveriaux-Ruff and Kieffer, 2002). The δ-opioid receptor may also play a role in drug 
tolerance, since mice lacking the receptor did not displays behaviors associated with 
chronic morphine-mediated tolerance (Gaveriaux-Ruff and Kieffer, 2002; Zhu et al., 
1999). 
κ-opioid receptors are highly expressed in the striatum, amygdala, nucleus 
accumbens, neural lobe of the pituitary, hypothalamus, nucleus tractus solitarius, and 
median eminence (Mansour et al., 1995; Mansour et al., 1988). The κ-opioid receptor is 
commonly linked to dysphoria (Gaveriaux-Ruff and Kieffer, 2002; Waldhoer et al., 
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2004). Studies with knockout mice have suggested that κ-opioid receptor agonists may be 
useful in treating visceral pain (Gaveriaux-Ruff and Kieffer, 2002; Simonin et al., 1998; 
Waldhoer et al., 2004). Moreover, in κ-opioid receptor-deficient mice, behaviors 
associated with naloxone-precipitated withdrawal following chronic morphine treatment 
were significantly attenuated (Gaveriaux-Ruff and Kieffer, 2002; Simonin et al., 1998; 
Waldhoer et al., 2004). 
Nociceptin/orphanin FQ receptors display high levels of expression in the cortex, 
hypothalamus, thalamus, substantia nigra, anterior olfactory nucleus, hippocampus, 
amygdala, locus coeruleus, central gray, pontine nuclei, raphe complex, and spinal cord 
(Meis, 2003). Originally considered to be an orphan receptor, the nociceptin/orphanin FQ 
receptor was classified as an opioid receptor in 1995 with the discovery of its endogenous 
ligand, the nociceptin/orphanin FQ peptide (Meunier et al., 1995; Reinscheid et al., 
1995). Studies have reported contradictory roles for the nociceptin/orphanin FQ receptor 
in pain regulation. It has been previously shown that activation of nociceptin/orphanin 
FQ receptor can lead to both hyperalgesia and analgesia depending on the experimental 
methodologies employed (Chiou et al., 2007; Meis, 2003). Nociceptin/orphanin FQ 
receptor agonists may also be useful to treat drug dependence, since activation of these 
receptors has inhibitory effects on rewarding caused by morphine, cocaine, amphetamine, 
and alcohol (Chiou et al., 2007). Moreover, activation of nociceptin/orphanin FQ 
receptors causes anxiolytic effects, but also leads to learning and memory deficits (Chiou 




1.4.2 Ligands of the µ-opioid receptor as analgesics 
 As mentioned above, agonists of the µ-opioid receptor have been used for their 
analgesic properties for thousands of years. Many of the µ-opioid receptor agonists are 
currently clinically approved for treating pain (Evans, 2004; Waldhoer et al., 2004; 
Williams et al., 2013). The endogenous ligands of the µ-opioid receptor include 
endomorphin-1, endomorphin-2, β-endorphin, β-neoendorphin, and dermorphin 
(Waldhoer et al., 2004). Peptide agonists, such as DAMGO and PL 017, as well as small 
molecules, such as the clinically used morphine, fentanyl, and sufentanil can also activate 
the µ-opioid receptor (Waldhoer et al., 2004). 
 Agonists of the µ-opioid receptor are very effective at relieving pain, however, a 
number of side effects are also associated with these ligands, including sedation, 
respiratory depression, nausea and vomiting, and constipation (DeWire et al., 2013; 
Evans, 2004; Raehal et al., 2011). In addition, the use of these drugs is limited by the 
onset of analgesic tolerance and physical dependence (DeWire et al., 2013; Evans, 2004; 
Raehal et al., 2011). Therefore, it has long been a major goal in opioid research to find 
ligands that would retain the analgesic properties in the absence of side effects (Evans, 
2004; Raehal et al., 2011). Initial efforts focused on finding ligands that would be 
selective for a specific type of opioid receptor (Evans, 2004). However, compounds that 
are selective for the µ-opioid receptor also cause the commonly observed side effects 
(Evans, 2004; Waldhoer et al., 2004). In fact, it has been suggested by studies with 
knockout mice that both the desired analgesia as well as the side effects of morphine are 
mediated by the µ-opioid receptor (Evans, 2004; Gaveriaux-Ruff and Kieffer, 2002). In 
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addition, it has also been shown that selective activation of δ-opioid receptors can lead to 
seizures and κ-opioid receptor-selective agonists cause dysphoria and hallucinations 
(Bodnar and Klein, 2004; Evans, 2004; Killinger et al., 2010). 
The relative failure of the opioid receptor type-selective ligands in eliminating the 
side effects associated with opioid use and the discovery that GPCRs can activate 
multiple signaling pathways have shifted the focus of opioid research towards the 
discovery of biased ligands of opioid receptors, especially at the µ-opioid receptor 
(Raehal et al., 2011; Violin et al., 2014). As discussed above, it appears that activation of 
G proteins by the µ-opioid receptor is associated with analgesia, while recruitment of β-
arrestins to the receptor is linked to the side effects of opioids (Bohn et al., 2004; Bohn et 
al., 2000; Bohn et al., 1999; Raehal et al., 2005). Accordingly, a ligand (TRV130) that 
selectively activates Gαi/o signaling over β-arrestin recruitment to the µ-opioid receptor 
displayed enhanced analgesia with a robust reduction in the opioid-associated side effects 
in comparison to morphine (DeWire et al., 2013; Soergel et al., 2014). 
 
1.4.2.1 Ligand-directed functional selectivity at the µ-opioid receptor and type 1 adenylyl 
cyclase 
 The µ-opioid receptor and AC1 are co-expressed in areas of the central nervous 
system that are linked to pain and nociception (i.e. dorsal horn neurons of the spinal cord 
and anterior cingulate cortex) (Corder et al., 2013; Jones et al., 1991; Mansour et al., 
1995; Mansour et al., 1988; Wei et al., 2006; Xu et al., 2008; Zhuo, 2012). Besides direct 
receptor modulation with biased ligands, another strategy to overcome the β-arrestin-
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mediated side effects of opioids and retain the desired analgesia is by targeting signaling 
pathways that are downstream of the µ-opioid receptor. That µ-opioid receptors couple to 
Gαi/o proteins to inhibit adenylyl cyclases suggests that direct inhibiting the adenylyl 
cyclases co-expressed with the µ-opioid receptors (e.g. AC1) might be a good strategy for 
the development of new classes of analgesic drugs (figure 1.9) (Corder et al., 2013; 
Lamberts et al., 2011; Zhuo, 2012). 
 
Figure 1.9 Inhibition of AC1 as a strategy to bias signaling through the µ-opioid 
receptor. The µ-opioid receptor can activate several signaling pathways. Direct 
inhibition of AC1 can simulate the outcomes of Gαi/o activation by the µ-opioid receptor 
(related to analgesia) in the absence of the activation of additional signaling pathways 
(that can lead to opioid side effects). 
 
 Activation of G proteins by the µ-opioid receptor can also cause activation of Gβγ 
subunits, which have been also linked to analgesia through the modulation of GIRK 
channels (Luscher and Slesinger, 2010). Activation of GIRK channels by the µ-opioid 
receptor causes hyperpolarization of neurons leading to a reduction of pain perception 
(Luscher and Slesinger, 2010). However, knockout of GIRK channel isoforms in mice 
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causes only a reduction in the potency of opioid-induced analgesia, with no change in the 
efficacy (Cruz et al., 2008; Mitrovic et al., 2003). Even though this may be because other 
isoforms of GIRK channels are still expressed in those mice, it also indicates that there 
may be additional mechanisms involved in µ-opioid receptor-mediated analgesia. For 
instance, as discussed above, the development of chronic pain shares some cellular 
mechanistic features with memory formation and maintenance, that is, strengthening of 
synapses through LTP (Ferguson and Storm, 2004; Zhuo, 2012). Additionally, inhibition 
of AC1 activity blocks the induction of LTP in neurons from the dorsal horn of the spinal 
cord and anterior cingulate cortex (Wang et al., 2011). In thalamocortical synapses AC1-
stimulated PKA activity is required for trafficking of AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptors to synapses and, therefore, also to the 
development of synaptic plastic changes, such as LTP and LTD (long-term depression) 
(Lu et al., 2003). The inhibition of AC1 likely causes a reduction in PKA-phosphorylated 
AMPA receptors that disrupts LTP in the spinal cord and anterior cingulate cortex, 
resulting in a reduction of chronic pain. In addition, Gβγ subunits are also needed for 
heterologous sensitization, which is a cellular mechanism linked to opioid dependence 
(Watts and Neve, 2005).  
It has been previously shown that AC1 knockout mice display behaviors 
consistent with enhanced analgesia in comparison to wild-type mice for models of 
chronic pain (Vadakkan et al., 2006). Additionally, inhibition of AC1 activity with a 
small molecule (NB001) causes analgesic effects in rodent models of inflammatory and 
neuropathic pain (Wang et al., 2011).  Therefore, the development of AC1-selective 
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inhibitors may lead to new drugs with pain relieving properties that lack the side effects 
commonly associated with opioids.
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CHAPTER 2. NEW FUNCTIONAL ACTIVITY OF ARIPIPRAZOLE: ROBUST 
ANTAGONISM OF D2 DOPAMINE RECEPTOR-STIMULATED Gβγ SIGNALING 
As published in 
Biochemical Pharmacology (2015) 93(1) 85-91. 
 
2.1 Introduction 
Functionally-selective or biased ligands distinctly activate different signaling 
pathways through a single G protein-coupled receptor (GPCR) (Urban et al., 2007a). 
Although classically, ligands of GPCRs have been classified as full, partial, or inverse 
agonists, or antagonists; it is now accepted that the same ligand can display different 
pharmacological profiles at different signaling pathways through the same GPCR 
(Kenakin and Christopoulos, 2013b). Increasing evidence suggests that biased ligands 
could provide safer and more effective drug therapies (Whalen et al., 2011). 
The dopamine D2 receptor (DRD2) is a GPCR that is targeted in the therapies of 
Parkinson’s disease and schizophrenia. The DRD2 couples to inhibitory heterotrimeric G 
proteins leading to activation of Gα subunits that inhibit adenylyl cyclases, as well as 
promoting Gβγ signaling. Additional adaptive signaling responses of the DRD2 include 
β-arrestin recruitment and heterologous sensitization of adenylyl cyclase (Beaulieu and 
Gainetdinov, 2011; Watts and Neve, 2005). The drugs used in the therapies for 
Parkinson’s disease (e.g. pramipexole, ropinirole) are agonists of the Gα response of the 
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DRD2, whereas those used for schizophrenia are either antagonists or partial agonists 
(e.g. haloperidol, aripiprazole, respectively) (Meissner et al., 2011). The dopamine 
hypothesis of schizophrenia suggests that antagonists of dopamine receptors would 
decrease the positive symptoms of schizophrenia (Creese et al., 1976). Accordingly, the 
first generation of antipsychotic drugs antagonizes the DRD2, while second generation 
antipsychotic drugs have more complex pharmacology, antagonizing both the DRD2 and 
5HT2A for their therapeutic effects. The first generation agents, and to some extent the 
second generation antipsychotics, also antagonize other GPCRs in the central nervous 
system (e.g. muscarinic and histamine as well as other dopamine and serotonin receptors) 
resulting in a number of side effects (Lieberman et al., 2008). Aripiprazole has been 
suggested to be a potential prototype for third generation antipsychotic drugs (Jones et 
al., 2009; Mailman and Murthy, 2010). It has also been hypothesized that the unique 
actions of aripiprazole involve functional selectivity or its partial agonist activity that 
may stabilize dopaminergic signaling through the DRD2 (Allen et al., 2011; Burris et al., 
2002; Fell et al., 2009; Mailman and Murthy, 2010; Shapiro et al., 2003; Urban et al., 
2007b). Previous studies have demonstrated that aripiprazole is a partial agonist for 
inhibition of cAMP accumulation through the DRD2 (i.e. Gα signaling) (Burris et al., 
2002; Lawler et al., 1999; Shapiro et al., 2003). In contrast, it has also been reported that 
aripiprazole is an antagonist in GTPγS binding assays with the DRD2 (Fell et al., 2009; 
Shapiro et al., 2003). It was also revealed that aripiprazole failed to activate outward 
potassium currents following activation of the DRD2 in MES-23.5 cells, indirectly 
suggesting that it was inactive or possibly an antagonist for Gβγ signaling through the 
DRD2 (Shapiro et al., 2003). 
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The observations highlighted above prompted us to further explore the molecular 
pharmacology of aripiprazole at the DRD2 in comparison to a small subset of clinically-
relevant DRD2 ligands. Specifically, we measured Gα signaling, Gβγ signaling, 
heterologous sensitization of adenylyl cyclase, and dynamic mass redistribution (DMR). 
Aripiprazole displayed a unique profile for activation of G protein signaling, behaving as 
a robust antagonist of Gβγ subunits, while partially activating Gα. Additionally, 
aripiprazole was a weak partial agonist/antagonist for heterologous sensitization of 
adenylyl cyclase and in cell-based DMR experiments. The unique antagonist profile of 





2.2.1 Compounds used:  
The following compounds were purchased from Sigma-Aldrich (St. Louis, MO): 
dopamine hydrochloride, (±) quinpirole dihydrochloride, pramipexole dihydrochloride, 
ropinirole hydrochloride, rotigotine hydrochloride, clozapine, spiperone and 3-isobutyl-1-
methylxanthine (IBMX). Aripiprazole was purchased from Santa Cruz Biotechnology 
(Dallas, TX). Forskolin was purchased from Tocris (Ellisville, MO). Haloperidol was a 





2.2.2 Cell culture: 
 Human embryonic kidney (HEK) cells stably expressing the long isoform of the 
DRD2 (HEK-D2) and adenylyl cyclase 2 (HEK-AC2/D2) or adenylyl cyclase 5 (HEK-
AC5/D2) were cultured in Dulbecco’s Modified Eagle Medium (Life Technologies, 
Grand Island, NY) supplemented with 5% bovine calf serum (Hyclone, Logan, UT), 5% 
fetal clone I (Hyclone, Logan, UT), and Antibiotic-Antimycotic (Life Technologies, 
Grand Island, NY), and puromycin (Sigma-Aldrich, St. Louis, MO) (HEK-D2), or zeocin 
(Life Technologies, Grand Island, NY) and G418 (Invivogen, San Diego, CA) (HEK-
AC2/D2), or puromycin and G418 (HEK-AC5/D2). Cells were grown to confluency in 
15 cm dishes, harvested with Cell Dissociation Buffer (Life Technologies, Grand Island, 
NY), and resuspended in 5 ml of fetal bovine serum (Hyclone, Logan, UT) containing 
10% dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO), 1 ml was added to cryovials 
that were incubated overnight at -80°C in a CoolCell device (BioCision, Larkspur, CA) 
for cryopreservation. On the following day, cryovials were stored in liquid N2 until the 
assay day.  
 
2.2.3 Gαi/o assay: 
Cryopreserved HEK-AC5/D2 cells were thawed in a 37°C water-bath, 
resuspended in 10 ml optiMEM (Life Technologies, Grand Island, NY) and centrifuged 
at 500 x g for 5 min. The cells were resuspended in 1 ml optiMEM, and counted using a 
Countess automated cell counter (Life Technologies, Grand Island, NY). Cells were 
plated in a white, flat bottom, low-volume, tissue culture-treated 384 well plate 
(PerkinElmer, Shelton, CT) at a final density of 2 000 cells/well.  The plate was 
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centrifuged for 1 min at 100 x g and incubated in a 37°C humidified incubator for 1 h. 
The DRD2 ligand was added followed by the addition of forskolin (3 µM final 
concentration) containing IBMX (0.5 mM final concentration). Cells were incubated at 
room temperature for 1 h and cAMP accumulation was measured using Cisbio’s dynamic 
2 kit (Cisbio Bioassays, Bedford, MA) according to the manufacturer’s instructions. 
Plates were analyzed for fluorescent emissions at 620 nm and 665 nm using 330 nm as 
the excitation wavelength in a Synergy 4 (Biotek, Winooski, VT), and ratiometric 
analysis was carried out by dividing the 665 nm emissions by the 620 nm emissions to 
extrapolate the cAMP concentrations from a cAMP standard curve.  
 
2.2.4 Gβγ assay: 
The assays used to measure Gβγ activation by the DRD2 were done using the 
specific properties of AC2, AC4, and AC7 (Cooper and Crossthwaite, 2006; Watts and 
Neve, 1997). These AC isoforms are insensitive to inhibition by Gαi/o and potentiated by 
Gβγ subunits from Gαi/o-coupled receptors in the presence of direct AC-activators 
(Federman et al., 1992). HEK-AC2/D2 cells were thawed in a 37°C water-bath, 
resuspended in 10 ml optiMEM and centrifuged at 500 x g for 5 min. The resuspension 
and centrifugation steps were repeated. The cells were resuspended in 1 ml optiMEM and 
counted. Cells were diluted to a concentration of 5 x 105 cells/ml and the cell suspension 
was added to a white, low-volume, flat bottom, tissue culture-treated 384 well plate 
resulting in a final density of 2 500 cells/well.  The plate was centrifuged for 1 min at 100 
x g and incubated in a 37°C humidified incubator for 1 h. The DRD2 ligand was added 
and cAMP accumulation was initiated by the addition of phorbol 12-myristate 13-acetate 
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(PMA) (Tocris, Ellisville, MO) (final concentration of 1 µM) in the presence of 0.5 mM 
IBMX, to specifically stimulate AC2. Cells were incubated at room temperature for 1 h 
and cAMP accumulation was measured as described above.  
 
2.2.5 Heterologous sensitization of adenylyl cyclase: 
Heterologous sensitization is a cellular adaptive response that occurs after 
prolonged periods of stimulation of Gαi/o-coupled receptors (Watts and Neve, 2005). For 
the sensitization assays, HEK-AC5/D2 cells were thawed in a 37°C water bath, 
resuspended in 10 ml optiMEM and centrifuged at 500 x g for 5 min. The cells were 
resuspended in 1 ml optiMEM and counted. Cells were diluted and added to a white, flat-
bottom, tissue culture-treated 384 well plate (PerkinElmer, Shelton, CT) resulting in a 
final density of 2 000 cells/well.  The plate was centrifuged for 1 min at 100 x g and 
incubated in a 37°C humidified incubator for 1 h. To induce sensitization, the DRD2 
ligand was added and cells were pre-incubated in a 37°C humidified incubator for 2 h. 
Following the 2 h incubation (i.e. sensitization period), forskolin (300 nM final 
concentration) containing 0.5 mM IBMX was added in the presence of 1 µM spiperone 
(to inhibit acute ligand activation of the DRD2). Cells were incubated at room 
temperature for 1 h and cAMP accumulation was measured as described above. 
 
2.2.6 Dynamic Mass Redistribution: 
For DMR assays, 20 µl per well of HEK-D2 growth medium was added to an 
EnSpire-LFC 384 fibronectin coated plate (PerkinElmer, Waltham, MA). Plate was 
centrifuged for 1 min at 500 x g and placed in 37°C humidified incubator while cell 
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suspension was prepared.  HEK-D2 cells were dissociated and collected using 0.25% 
trypsin-EDTA (Life Technologies, Grand Island, NY), diluted to 10 ml with growth 
media, centrifuged at 500 x g for 5 min, and resuspended in 10 ml growth medium. Cells 
were counted and diluted to 5 x 105 cells/ml in growth medium, and 30 µl of this 
suspension was added to wells of EnSpire plate to achieve a final density of 15 000 
cells/well and a total volume of 50 µl/well. Cells were incubated in a humidified 
incubator until 95% confluent, typically 16-24 h. One hour prior to assay, cell-containing 
wells were washed twice with room temperature assay buffer, 20 mM HEPES (Fisher 
Scientific, Pittsburg, PA) in HBSS (Life Technologies, Grand Island, NY) using a 
JANUS MDT Mini liquid handling robot (PerkinElmer, Shelton, CT). Cells were then 
incubated for 1 h at ambient temperature to allow development of stable DMR baseline. 
In agonist-mode, cells were incubated for 1 h in 40 µl assay buffer, and in antagonist 
mode cells were incubated for 1 h in 30 µl assay buffer supplemented with 10 µl of 5X 
concentrated antagonist. After 1 h, 10 baseline reads were generated, 10 µl of 5X 
concentrated agonist was added, and final DMR was measured for 200 reads using a 
PerkinElmer EnSpire Multimode Plate Reader equipped with Corning EPIC label-free 
technology (Waltham, MA). DMR responses were quantified by measuring both the total 
area under the curve (AUC) as well as the maximal DMR peak amplitude using 






2.2.7 Data collection and analysis: 
All data reported represent the average of at least three independent experiments 
conducted in duplicate. Analysis for EC50/IC50 values and 95% confidence intervals (C.I.) 




2.3.1 Aripiprazole is a partial agonist for Gα activation through the DRD2: 
 Previous studies have reported that aripiprazole is a partial agonist for inhibition 
of cAMP and an antagonist in GTPγS binding assays through the DRD2 (Burris et al., 
2002; Fell et al., 2009; Lawler et al., 1999; Shapiro et al., 2003). The work presented here 
examined DRD2-mediated inhibition of cAMP production in HEK cells stably expressing 
the DRD2 and adenylyl cyclase 5 (AC5). AC5 is abundantly expressed in the striatum, a 
region where the DRD2 is highly expressed and is thought to be essential for motor 
effects associated with DRD2 antagonism (Chern, 2000; Lee et al., 2002). In agreement 
to what was previously observed, aripiprazole was a partial agonist for inhibiting 
forskolin-mediated cAMP production displaying 48% of dopamine’s response (figure 
2.1). The prototypical DRD2 agonist, quinpirole resulted in 98% of dopamine’s response, 
and clinically used DRD2 agonists pramipexole, ropinirole, and rotigotine also had 
agonist responses with > 80% of dopamine’s response (table 2.1). The potency of 
aripiprazole (ca. 4 nM) was comparable to that of dopamine and quinpirole (table 2.1).  
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Figure 2.1 Inhibition of cAMP accumulation by aripiprazole and reference DRD2 
ligands. Activation of Gαi/o was assessed by measuring inhibition of forskolin-stimulated 
cAMP accumulation in HEK-AC5/D2 cells. Data shown represent the average and 













































Table 2.1 Activation of Gαi/o, Gβγ, heterologous sensitization, and DMR downstream of the DRD2. Gαi/o signaling and 
heterologous sensitization were measured in HEK-AC5/D2 cells. Activation of Gβγ signaling was measured in HEK-AC2/D2 
cells and DMR was measured in HEK-D2 cells. EC50 values are shown in nM with the 95% confidence interval. The maximal 
effects are shown as percentages of dopamine’s response with standard errors. Data in the table represent the average of at 
least three independent experiments. ND = not determined. 
 
Compound 

















Dopamine 1.5 (0.6-3.7) 100 (±3)  46 (28-75) 100 (±4)  
8.2 (5.5-
12.2) 100 (±3)  7.6 (6.7-8.6) 100 (±1) 
Quinpirole 2.1 (1.0-4.5) 98 (±3)  
74 (50-
109) 99 (±4)  
8.2 (6.1-
11.0) 124 (±3)  37 (32-44) 104 (±1) 
Aripiprazole 4.1 (0.6-30) 48 (±9)  ND -  
1.6 (0.7-
3.9) 18 (±1)  
730 (433-
1231) 32 (±1) 
Pramipexole 0.9 (0.4-1.9) 87 (±4)  
17 (7.7-
36) 98 (±5)  
1.9 (1.2-
3.0) 119 (±4)  8.3 (5.8-12) 98 (±2) 
Ropinirole 2.6 (1.1-6.1) 81 (±6)  47 (25-89) 70 (±4)  
8.4 (6.1-
11.5) 126 (±3)  33 (26-41) 100 (±2) 
Rotigotine 0.05 (0.01-0.11) 88 (±4)   
0.7 (0.3-
1.4) 79 (±4)   
0.5 (0.3-







2.3.2 Aripiprazole is an antagonist of Gβγ signaling through the DRD2: 
  To explore the ability of aripiprazole to modulate Gβγ signaling through the 
DRD2 we measured Gβγ-mediated potentiation of AC2. AC2 is insensitive to direct Gαi/o 
regulation, but is conditionally activated by Gβγ subunits (Federman et al., 1992). Thus, 
the cAMP response of AC2 to stimulators such as Gαs or PKC can be potentiated by the 
release of Gβγ subunits following DRD2 activation (Watts and Neve, 1997). HEK cells 
stably expressing the DRD2 and AC2 were used, and DRD2-mediated potentiation of 
PKC-stimulated AC2 activity was assessed. As expected, dopamine and quinpirole 
elicited dose-dependent enhancements in PMA-stimulated cAMP accumulation in HEK-
AC2/D2 cells with EC50 values of 46 nM (95% CI [28 - 75 nM]) and 74 nM (95% CI [50 
- 109 nM]), respectively (figure 2.2A). Pramipexole, ropinirole, and rotigotine also led to 
dose-dependent enhancements of the cAMP response, resulting in 98%, 70%, and 79% of 
dopamine’s response, respectively (table 2.1). In contrast, aripiprazole failed to enhance 
PMA-stimulated AC2 activity in this assay (figure 2.2A). 
Because aripiprazole did not activate Gβγ subunit signaling in our assay, we 
explored its ability to antagonize dopamine’s Gβγ response. As shown in figure 2.2B, 
aripiprazole fully inhibited dopamine’s response in a dose-dependent manner, with an 
IC50 value of 2.8 nM (95% CI [1.3 - 5.9 nM]). These results are consistent with the lack 
of GIRK channel activation observed by Shapiro et al. (2003) and demonstrate for the 
first time that aripiprazole is a potent antagonist of Gβγ signaling through the DRD2. The 
first generation antipsychotic drug haloperidol and the second generation antipsychotic 
drug clozapine were also tested for antagonism of Gβγ signaling. Both compounds fully 
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inhibited dopamine’s response, with IC50 values of 1.5 nM (95% CI [0.8 - 2.8 nM) and 
575 nM (95% CI [270 - 1 226 nM]), respectively (figure 2.2B). 
 
Figure 2.2 Modulation of Gβγ  subunit signaling by aripiprazole and reference 
DRD2 ligands in HEK-AC2/D2 cells. A. Activation of Gβγ signaling was assessed by 
measuring DRD2 potentiation of the AC2-stimulated cAMP accumulation in HEK-
AC2/D2 cells. B. Antagonism of dopamine’s Gβγ response through the DRD2. Cells 
were treated with antagonists for 30 min, followed by a 1 h incubation with 300 nM 




















































dopamine in the presence of 1 µM PMA and 0.5 mM IBMX. Data shown represent the 
average and S.E.M. of at least three independent experiments conducted in duplicate. 
 
 
2.3.3 Aripiprazole’s effects on heterologous sensitization of AC5: 
 Because aripiprazole was a partial agonist for Gαi/o activation and an antagonist 
for Gβγ subunits, a more complex G protein-dependent signaling pathway was analyzed. 
Heterologous sensitization of adenylyl cyclase is a cellular adaptive response that occurs 
following chronic activation of Gαi/o-coupled receptors (Watts and Neve, 2005). In this 
phenomenon, prolonged Gαi/o agonist exposure results in a marked enhancement of 
subsequent drug-stimulated cAMP accumulation. Mechanistically, it has been shown that 
both Gα and Gβγ subunits of G proteins are involved in this cellular response (Watts and 
Neve, 2005). 
Heterologous sensitization of AC5 was measured in HEK cells stably expressing 
AC5 and the DRD2 by pre-incubating the cells with the DRD2 ligands for 2 h before 
stimulating cAMP accumulation with forskolin. Pretreatment with dopamine or 
quinpirole resulted in dose-dependent enhancements in the forskolin-stimulated cAMP 
accumulation with EC50 values of approximately 8 nM (figure 2.3A). Pramipexole, 
ropinirole, and rotigotine also led to heterologous sensitization of AC5 and had maximal 
responses greater than 100% (table 2.1). In contrast, aripiprazole displayed a weak partial 
agonist response in this assay, resulting in only 18% of dopamine’s response (table 2.1).  
Subsequent antagonist-mode studies revealed that aripiprazole was a potent partial 
antagonist of dopamine-mediated heterologous sensitization of AC5 with an IC50 value of 
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4.2 nM (95% CI [2.0 - 8.9 nM]) (figure 2.3B). Additional studies revealed that 
haloperidol and clozapine were also antagonists of heterologous sensitization with IC50 
values of 0.2 nM (95% CI [0.1 - 0.2 nM]) and 473 nM (95% CI [320 - 698 nM]), 
respectively (figure 2.3B).  
 
Figure 2.3 Heterologous sensitization by aripiprazole and reference DRD2 ligands in 
HEK-AC5/D2 cells. A. Heterologous sensitization of AC5 was measured by pre-treating 
cells with the DRD2 ligand for 2 h, followed by the addition of forskolin in the presence 
of IBMX and spiperone. B. Antagonism of heterologous sensitization of AC5 was 



































































measured by pre-incubating the cells with antagonists for 30 min, followed by a 2 h pre-
treatment with 100 nM dopamine. Cyclic AMP accumulation was then stimulated by 
forskolin in the presence of IBMX and spiperone. Data shown represent the average and 
S.E.M. of three independent experiments conducted in duplicate. 
 
 
2.3.4 Aripiprazole’s effects on dynamic mass redistribution (DMR): 
 Another approach used to measure aripiprazole’s effects on the DRD2 employed 
a label-free holistic approach. DMR responses reflect changes in cellular shape, which 
are hypothesized to be caused by the intracellular movement of biomolecules due to 
ligand-mediated signaling events (Schroder et al., 2011). These assays were conducted in 
HEK cells stably expressing the DRD2. Dopamine, quinpirole, pramipexole, and 
ropinirole displayed dose-dependent positive DMR responses with EC50 values ranging 
from approximately 8 nM to 40 nM (table 2.1). All of these compounds elicited similar 
maximal responses, ranging from 98% to 104% of dopamine’s response (table 2.1). In 
contrast, aripiprazole was only a partial agonist, with a maximal effect of 32% (figure 
2.4A).  Aripiprazole was also the least potent compound tested with an EC50 value of 730 
nM (95% CI [433 - 1 231 nM]), which could be due to its antagonism of Gβγ subunits 
(table 2.1). In contrast, dopamine was the most potent compound (table 2.1).  
Subsequent studies evaluated aripiprazole in antagonist mode. After pretreatment 
with aripiprazole for 1 h, the DMR response of HEK-D2 cells to an EC90 concentration of 
dopamine (100 nM) was completely abrogated (figure 2.4B). This also held true for the 
DRD2 antagonists haloperidol and clozapine. Haloperidol was the most potent inhibitor 
tested, possessing an IC50 of 5.5 nM (95% CI [4.0 - 7.7 nM]). Aripiprazole and clozapine 
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exhibited IC50s of 316 nM (95% CI [230 - 434 nM]) and 2.2 µM (95% CI [1.4 - 3.6 
µM]), respectively (figure 2.4B). 
 
 
Figure 2.4: Modulation of DMR by aripiprazole and reference DRD2 ligands in 
HEK-D2 cells. A. Dynamic mass redistribution was measured during stimulation with 
DRD2 ligands, and the AUC at each drug concentration was determined. B. Antagonism 
of DMR was measured by pre-treating cells with antagonists for 1 h, followed by 
incubation with 100 nM dopamine. Data shown represent the average and S.E.M. of at 


















































least three independent experiments conducted in duplicate. Experiments conducted by 






Aripiprazole is considered to be the prototypical third generation antipsychotic 
drug. Clinical studies showed that aripiprazole was efficacious in acute and maintenance 
treatments of schizophrenia (DeLeon et al., 2004). Aripiprazole was also superior to the 
second generation antipsychotic drug olanzapine in improving neurocognitive symptoms. 
Additionally, aripiprazole was effective as an adjunctive therapy for major depressive 
disorder and in treating other behavioral and mental illnesses, such as bipolar disorder 
and treatment-resistant mood and anxiety disorders (DeLeon et al., 2004; Pae et al., 
2011). Remarkably, in comparison to other antipsychotic drugs, aripiprazole displays a 
significantly lower tendency to cause commonly observed side effects including 
extrapyramidal symptoms (Marder et al., 2003). 
One of the hypotheses for the improved clinical profile of aripiprazole is that it 
acts as a “dopamine stabilizer”. This hypothesis proposes that because of aripiprazole’s 
partial agonist activity, when there are high levels of dopamine, aripiprazole behaves as a 
partial antagonist, inhibiting dopamine’s actions; however, in low levels of dopamine, 
aripiprazole behaves as a partial agonist, increasing or normalizing dopaminergic 
signaling (Tamminga and Carlsson, 2002). Though this seems to be a simple and logical 
explanation, the unique pharmacological profile of aripiprazole in a variety of assays 




For example, aripiprazole also has high affinity for other GPCRs, such as the 
dopamine D3 receptor, the 5HT2A 5HT1A, 5HT2B, and 5HT7 serotonin receptors, the H1 
histamine receptor, and the α1-adrenergic receptor (Shapiro et al., 2003). The functional 
effects of aripiprazole on serotonin receptors have been studied revealing partial agonist 
activity in assays with 5HT1A, 5HT2A, 5HT3C, 5HT7 serotonin receptors, inverse agonism 
of the 5HT2B serotonin receptor, and antagonism of the 5HT6 serotonin receptor (Shapiro 
et al., 2003). These data suggest that the unique clinical profile of aripiprazole could be 
due to its interactions with other GPCRs (see Shapiro et al., 2003). 
Aripiprazole also displays a somewhat unique pharmacological profile in 
functional assays with the DRD2. Consistent with our results, aripiprazole partially 
inhibited forskolin-mediated cAMP accumulation in multiple cell lines (Burris et al., 
2002; Lawler et al., 1999; Shapiro et al., 2003). However, in GTPγS binding assays with 
the DRD2 aripiprazole fully antagonized the responses to both dopamine and quinpirole 
(Fell et al., 2009; Shapiro et al., 2003). These data examining Gα responses are 
seemingly at odds and may be explained by some degree of functional selectivity for 
downstream Gα responses or alternatively, signal sensitivity or the lack of amplification 
in the GTPγS binding assays (Harrison and Traynor, 2003). In our model of Gαi/o 
activation, the DRD2 was co-expressed with AC5 in HEK cells. AC5 was used because it 
is the most abundant adenylyl cyclase in the striatum, a brain region in which the DRD2 
is highly expressed (Chern, 2000; Lee et al., 2002). Another unique finding from Shapiro 
et al. was that aripiprazole failed to increase the activity of GIRK channels (Shapiro et 
al., 2003). Activation of GIRK channels by the DRD2 is a signaling event that is 
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mediated by Gβγ subunits and has been associated with decreased synaptic activity in the 
basal ganglia (Luscher and Slesinger, 2010). The lack of a GIRK response was not 
explored further, however, we hypothesized that aripiprazole could potentially act as an 
antagonist for this downstream Gβγ response. HEK cells stably expressing AC2 and the 
DRD2 were employed to measure Gβγ activation in response to aripiprazole and control 
ligands. Although AC2 was used as a reporter of Gβγ signaling in our model, AC2 is 
widely expressed in the central nervous system (Chern, 2000). Consistent with our 
hypothesis, aripiprazole dose-dependently antagonized dopamine’s ability to potentiate 
AC2 activity. The potency for blocking this Gβγ response was similar to that observed 
with the first generation antipsychotic drug, haloperidol. The results described above may 
be explained by transducer-effector coupling efficiency (i.e. agonists showed greater 
potency for Gα versus Gβγ), but also may suggest some level of pathway functional 
selectivity at divergent signaling pathways downstream of the DRD2. 
Heterologous sensitization of adenylyl cyclase is a cellular adaptive response that 
occurs following prolonged periods of Gαi/o-coupled receptor activation (Watts and 
Neve, 2005). DRD2-induced sensitization results in a marked enhancement of subsequent 
cAMP signaling in both cellular and animal models (Chester et al., 2006; Culm et al., 
2004; Watts and Neve, 2005). Enhanced or persistent DRD2 activation has also been 
implicated in schizophrenia (Beach et al., 2008; Kellendonk et al., 2006; Seeman et al., 
2006). Further, elevated brain adenylyl cyclase activity and cAMP levels in the 
cerebrospinal fluid have been reported in schizophrenics (Kerwin and Beats, 1990; Muly, 
2002). The weak partial agonist response as well as antagonist activities observed for 
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aripiprazole in our heterologous sensitization assays suggest that prolonged treatments 
with similar drugs will produce only modest adaptive effects on cAMP accumulation. 
This outcome may be a beneficial feature for antipsychotic drugs like aripiprazole that 
appear to stabilize or normalize DRD2 effects on intracellular second messengers both 
acutely and chronically.  
The novel responses we observed with aripiprazole in the G protein-mediated 
assays prompted us to explore DMR as an unbiased readout for ligand-receptor signaling. 
In DMR experiments, plane polarized light is passed through specialized biosensor 
microtiter plates containing cells in the absence and presence of receptor ligand (Schroder 
et al., 2010). Mass movement within the cell causes changes in the cellular index of 
refraction, leading to altered resonance of polarized light. As mass moves towards the 
bottom of the plate, longer wavelengths resonate, producing positive DMR signals. 
Alternatively, as cellular mass moves away from the plate, shorter wavelengths resonate 
and a negative DMR signal is observed. DMR is a label-free approach for measuring 
integrated receptor responses in real time and has been used with a variety of G protein-
coupled receptors. Previous work has characterized DMR signals mediated through Gαs, 
Gαi/o-, Gαq/11-, and Gα12/13-coupled receptors including muscarinic M2 and M3 receptors, 
α2- and β2-adrenergic receptors, and GPR55 (Ferrie et al., 2014; Schroder et al., 2010). 
The DMR measurement profile of Gαi/o-coupled receptors presumably involves Gα 
subunit activation because it is prevented by pertussis toxin (Schroder et al., 2010). 
Consistent with this idea and similar to the heterologous sensitization results, aripiprazole 
elicited a weak partial agonist response. Somewhat surprisingly, aripiprazole 
pretreatment prevented the cellular DMR responses to an EC90 concentration of 
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dopamine. This lack of observed partial agonist activity may reflect receptor 
desensitization or more speculatively, altered receptor conformations leading to altered 
functional affinity in the DMR experiments (i.e. altered affinity of aripiprazole for the 
receptor-signaling protein complexes responsible for DMR changes) (Kenakin, 2014b). 
Previous functional selectivity studies with aripiprazole-like drugs propose 
somewhat opposing hypotheses. It has been posited that aripiprazole’s ability to 
antagonize β-arrestin signaling through the DRD2 is key for antipsychotic activity 
(Beaulieu et al., 2007a; Del'guidice et al., 2011; Masri et al., 2008). Antagonism of β-
arrestin leads to higher Akt activity and, thus, glycogen synthase kinase 3 inhibition 
potentially yielding antipsychotic activity (Beaulieu et al., 2008; Beaulieu et al., 2005; 
Urs et al., 2012). In contrast, another team has shown that aripiprazole is a partial agonist 
of β-arrestin through the DRD2 (Allen et al., 2011). They reported that aripiprazole 
analogs that selectively activate β-arrestin display behaviors consistent with antipsychotic 
activity with reduced extrapyramidal symptoms in mice. These apparently opposing 
hypotheses can be reconciled by assuming that some degree of β-arrestin 
agonism/antagonism (i.e. partial agonism) or DRD2 receptor stabilization of that pathway 
is important for antipsychotic efficacy.  
The present results demonstrate a novel DRD2 modulation profile for aripiprazole 
(i.e. antagonist for Gβγ signaling) that may suggest some level of functional selectivity or 
signaling pathway specificity. In addition to aripiprazole, we showed that other clinically 
used antipsychotic drugs (i.e. haloperidol and clozapine) also antagonized Gβγ signaling 
through the DRD2. These results suggest that inhibition of Gβγ signaling through the 
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DRD2 may be a shared feature of clinically used antipsychotic drugs. Two recent studies 
suggest that partial agonism of β-arrestin and inhibition of Gαi/o through the DRD2 may 
provide antipsychotic activity with reduced motor side effects (Allen et al., 2011; Chen et 
al., 2012). Unfortunately, the activity of the ligands identified by those studies at Gβγ 
signaling effectors (e.g. AC2 or GIRK) was not examined. It would be interesting to 
explore the activity of such ligands for Gβγ-dependent pathways. The physiological 
responses to antagonism of DRD2 Gβγ signaling are anticipated to be diverse and involve 
multiple effectors expressed throughout the central nervous system including multiple 
AC isoforms (i.e. AC2, AC4, and AC7), GIRK and N-type calcium channels, 
phospholipase C isoforms, phosphoinositide 3 kinase, glycine receptors, phosducin, 
tubulin, and ERK (Khan et al., 2013; Lin and Smrcka, 2011). The potential number of 
pathways involving the DRD2 Gβγ effectors may represent a new multi-pathway 
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G protein-coupled receptors (GPCRs) are coupled to multiple signaling pathways 
(Lefkowitz and Shenoy, 2005), and different ligands can show unique profiles for 
modulation of these individual pathways. Moreover, some ligands demonstrate functional 
selectivity (or biased agonism) behaving as agonists for one signaling pathway while 




Functional selectivity has been proposed as a strategy to improve the safety and 
specificity of drug therapies targeting GPCRs (Whalen et al., 2011).  For example, 
several studies suggest that G protein-biased ligands for the µ-opioid receptor, which 
selectively activate G proteins over β-arrestin, can lead to enhanced analgesic effects and 
decreased tolerance (Bohn et al., 2004; Bohn et al., 2000; Bohn et al., 1999). It has also 
been suggested that G protein-biased ligands for the β2-adrenergic receptor may lead to 
reduced receptor tachyphylaxis in bronchodilation therapies for obstructive lung diseases 
(Deshpande et al., 2008; Wang et al., 2009b). Additionally, β-arrestin-biased ligands for 
the β1-adrenergic receptor may provide the beneficial effects of β-blockers along with 
increased cell survival, a desired outcome in patients with arrhythmia and hypertension 
following myocardial infarctions (DeWire and Violin, 2011). 
The D2 dopamine receptor (DRD2) is the primary target in therapies for treating 
schizophrenia and Parkinson’s disease, however, modulation of DRD2 activity is also 
associated with a number of side effects including dysregulation of motor and pituitary 
function. The DRD2 couples to Gαi/o subunits and leads to several signaling events 
through the release/rearrangement of G proteins, such as inhibition/sensitization of 
adenylyl cyclase, Gβγ potentiation of AC2, and ERK activation as well as β-arrestin 
recruitment (Beaulieu and Gainetdinov, 2011; Watts and Neve, 2005). These diverse 
signaling pathways make the DRD2 of great interest in studies of functional selectivity. 
Several studies have demonstrated that agonists differ in their ability to activate various 
pathways. For example, R(-)propylnorapomorphine (RNPA) and S(-
)propylnorapomorphine (SNPA) differ in their ability to regulate activity of adenylyl 
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cyclases compared to ion channels. RNPA and SNPA were reported as full agonists for 
activation of Gαi/o, whereas both compounds displayed no detectable activity for the 
activation of G protein-coupled inwardly-rectifying potassium channels (GIRK) through 
the DRD2 (Gay et al., 2004). Notably, blockade of β-arrestin recruitment reportedly is a 
shared property of antipsychotics that exhibit either antagonist (e.g. haloperidol), or 
partial agonist (e.g. aripiprazole) activity through Gαi/o-cAMP pathways (Klewe et al., 
2008; Masri et al., 2008). This suggests that β-arrestin-biased D2 antagonists might 
exhibit unique antipsychotic profiles (Masri et al., 2008). In contrast, a study with 
analogs of the novel antipsychotic aripiprazole suggested that D2 ligands with Gαi/o 
antagonist and β-arrestin agonist activity may have antipsychotic behavioral activity with 
reduced extrapyramidal side effects in a mouse model (Allen et al., 2011). 
Heightened awareness of the potential benefit of pathway-biased ligands has 
created the need for methods to efficiently quantify and compare agonist-mediated 
activity through multiple pathways. Recently described methods have been proposed as 
tools to assess bias. The new quantitative methods incorporate efficacy and potency to 
calculate “bias factors” (Kenakin and Christopoulos, 2013b; Kenakin et al., 2012; 
Rajagopal et al., 2011). The values from these methods reflect the relative activities of a 
test ligand with that of a reference compound for activating one effector pathway relative 
to another, such as Gα versus β-arrestin signaling. Activation of more complex signaling 
pathways downstream of GPCRs may require multiple effectors, and this suggests an 
additional use of bias analyses. Specifically, comparisons of ligand bias profiles for more 
immediate effectors versus complex pathways such as ERK phosphorylation, 
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heterologous sensitization, and dynamic mass redistribution (DMR) could provide insight 
on the relative contribution of the effectors toward the complex signaling pathway. 
In the present study, the ability of reference or clinically-relevant ligands to activate 
multiple signaling pathways coupled to the DRD2 was examined in a CHO cell line 
stably expressing the human D2L receptor (CHO-D2L cells). Specifically, we analyzed 
Gαi/o activation, Gβγ activation, β-arrestin recruitment, ERK phosphorylation, 
heterologous sensitization, and DMR in response to a series of DRD2 ligands. The results 
were analyzed using four of the most commonly used methods to measure ligand bias 
(Kenakin and Christopoulos, 2013b; Rajagopal et al., 2011). The analyses revealed 
general consistency across several bias models and highlight the utility of using a single 
cell line in studies of functional selectivity. Additionally, the dependency of the complex 
signaling pathways on the immediate effectors of the DRD2 was also explored by 




3.2.1 Compounds and other chemicals used:  
The following compounds were purchased from Sigma-Aldrich (St. Louis, MO): 
dopamine hydrochloride, (±) quinpirole dihydrochloride, pramipexole dihydrochloride, 
R(+)-3-(3-hydroxyphenyl)-N-propylpiperidine hydrochloride ((+)3-PPP), (+)-
bromocriptine methanesulfonate salt, R(-)propylnorapomorphine hydrochloride (RNPA), 
ropinirole hydrochloride, pergolide mesylate, 3-isobutyl-1-methylxanthine (IBMX), and 
rotigotine hydrochloride. Lisuride maleate and forskolin were purchased from Tocris 
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(Ellisville, MO), and aripiprazole was purchased from Santa Cruz Biotechnology (Dallas, 
TX). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 
ethylenediaminetetraacetic acid (EDTA) were purchased from Fisher Scientific 
(Pittsburg, PA). MgCl2 and 2-Amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) were 
purchased from Sigma-Aldrich (St. Louis, MO). 
 
3.2.2 Cell culture and cryopreservation: 
Chinese hamster ovary (CHO) cells expressing the human dopamine D2L receptor 
(CHO-D2L) in the PathHunter® β-Arrestin GPCR assay platform were purchased from 
DiscoveRx (Freemont, CA). Cells were grown in Ham’s F12 media supplemented with 1 
mM L-glutamine (Thermo Scientific, West Palm Beach – FL), 10% fetal bovine serum 
(FBS) (Hyclone, Logan, UT), 50 U/ml penicillin, 50 µg/ml streptomycin (Life 
Technologies, Grand Island, NY), 800 µg/ml G418 (Invivogen, San Diego, CA) and 300 
µg/ml hygromycin B (Fisher Scientific, Pittsburg, PA). Confluent 15 cm dishes of cells 
were harvested with Cell Dissociation Buffer (Life Technologies, Grand Island, NY) and 
resuspended in 5 ml of FBS containing 10% dimethyl sulfoxide (Sigma-Aldrich, St. 
Louis, MO), 1 ml was added to cryovials and frozen overnight at -80°C in a CoolCell 
device (BioCision, Larkspur, CA). On the following day, cryovials were stored in liquid 
N2 until the assay day. 
 
3.2.3 Transient transfections: 
CHO-D2L cells were plated in 15 cm dishes at a confluence of 2.6 x 106 cells/dish 
with culture media without selection antibiotics, and incubated at 37°C in a humidified 
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incubator overnight. On the following day, a 6 ml solution containing 30 µg of rat AC2 
plasmid and 60 µl lipofectamine 2000 (Life Technologies, Grand Island, NY) in 
optiMEM (Life Technologies, Grand Island, NY) was prepared and incubated at room 
temperature for 45 min. The solution was added dropwise to the cells, and transfection 
was carried out for 48 h. Cells were harvested, and cryopreserved as described above.  
 
3.2.4 Gαi/o assay: 
Cryopreserved CHO-D2L cells were thawed in a 37°C water-bath, resuspended in 
10 ml optiMEM and centrifuged at 500 x g for 5 min. The supernatant was aspirated, the 
cells were resuspended in 1 ml optiMEM and counted using a Countess automated cell 
counter (Life Technologies, Grand Island, NY). Cells were diluted to reach a 
concentration of 3 x 105 cells/ml. 10 µl/well of cell suspension was added to a white, flat-
bottom, tissue culture-treated 384 well plate (PerkinElmer, Shelton, CT) resulting in a 
final density of 3000 cells/well. The plate was centrifuged for 30 sec at 100 x g and 
incubated in a 37°C humidified incubator for 1 h. After incubation, 5 µl/well of DRD2 
ligand was added followed by the addition 5 µl/well of forskolin (10 µM final 
concentration) in 0.5 mM IBMX. Cells were incubated at room temperature for 1 h and 
cAMP accumulation was measured using Cisbio’s dynamic 2 kit (Cisbio Bioassays, 
Bedford, MA) according to the manufacturer’s instructions. Plates were analyzed for 
fluorescent emissions at 620 nm and 665 nm using 330 nm as the excitation wavelength 
in a Synergy 4 (Biotek, Winooski, VT), and ratiometric analysis was carried out by 
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dividing the 665 nm emission by the 620 nm emission to extrapolate the cAMP 
concentration from a cAMP standard curve. 
 
3.2.5 β-arrestin assay: 
Cryopreserved CHO-D2L cells were thawed in a 37°C water-bath, resuspended in 
10 ml optiMEM and centrifuged at 500 x g for 5 min. The supernatant was aspirated, the 
cells were resuspended in 1 ml optiMEM and counted. Cells were diluted to reach a 
concentration of 2.5 x 105 cells/ml. 10 µl/well of cell suspension was added to a white, 
flat bottom, low-volume, tissue culture-treated 384 well plate (PerkinElmer, Shelton, CT) 
resulting in a final density of 2500 cells/well.  The plate was centrifuged for 30 sec at 100 
x g and incubated in a 37°C humidified incubator overnight. On the following day 2.5 
µl/well of DRD2 ligands or vehicle/buffer control was added to the cells. Following drug 
addition, cells were incubated in a 37°C humidified incubator for 1.5 h. Recruitment of β-
arrestin to the DRD2 was assessed using the PathHunter® assay (DiscoveRx, Freemont, 
CA) according to the manufacturer’s instructions. The PathHunter® assay utilizes an 
enzyme complementation platform in which the GPCR is tagged with ProLinkTM and β-
arrestin 2 is tagged with an enzyme acceptor, upon interaction between the GPCR and β-
arrestin 2, the two fragments complement to generate a functional β-galactosidase that 






3.2.6 Gβγ assay: 
The Gβγ assay uses a regulatory characteristic that is specific for AC2, AC4, and 
AC7 (Cooper and Crossthwaite, 2006; Watts and Neve, 1997). These isoforms of AC are 
insensitive to inhibition by Gαi/o and conditionally activated by Gβγ subunits from Gαi/o-
linked receptors in the presence of direct AC2 activators (Federman et al., 1992). CHO-
D2L cells transiently transfected with AC2 as described above were thawed in a 37°C 
water-bath, resuspended in 10 ml optiMEM and centrifuged at 500 x g for 5 min. The 
supernatant was aspirated and the resuspension and centrifugation steps were repeated. 
The supernatant was aspirated, the cells were resuspended in 1 ml optiMEM and counted. 
Cells were diluted to reach a concentration of 4 x 105 cells/ml and 5 µl/well of cell 
suspension was added to a white, low-volume, flat bottom, tissue culture-treated 384 well 
plate resulting in a final density of 2000 cells/ well.  The plate was centrifuged for 30 sec 
at 100 x g and incubated in a 37°C humidified incubator for 1 h. Plates were removed 
from the incubator, and 2.5 µl/well of DRD2 ligand was added. Cyclic AMP 
accumulation was initiated by the addition of 2.5 µl/well of phorbol 12-myristate 13-
acetate (PMA) (final concentration of 1 µM) in the presence of 0.5 mM IBMX, to 
specifically stimulate AC2 (Watts and Neve, 1997). Cells were incubated at room 
temperature for 1 h and cAMP accumulation was measured as described above.  
 
3.2.7 Heterologous sensitization assay: 
Heterologous sensitization assays were carried out as previously described 
(Conley et al., 2014). Briefly, cryopreserved CHO-D2L cells were thawed in a 37°C 
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water-bath, resuspended in 10 ml optiMEM and centrifuged at 500 x g for 5 minutes. The 
supernatant was aspirated, the cells were resuspended in 1 ml optiMEM and counted. 
Cells were diluted to reach a concentration of 3 x 105 cells/ml. 10 µl/well of cell 
suspension was added to a white, flat-bottom, tissue culture-treated 384 well plate 
resulting in a final density of 3000 cells/well.  The plate was centrifuged for 30 sec at 100 
x g and incubated in a 37°C humidified incubator for 1 h. After incubation, 5 µl/well of 
DRD2 ligand was added to the cells, and the cells were incubated in a 37°C humidified 
incubator for 2 h to accomplish sensitization.  Following sensitization, 5 µl/well of 
forskolin in IBMX and spiperone was added to the cells at final concentrations of 10 µM, 
0.5 mM, and 1 µM, respectively. Cells were incubated at room temperature for 1 h, and 
cAMP accumulation was measured as described above. 
 
3.2.8 ERK assay: 
Cryopreserved CHO-D2L cells were thawed in a 37°C water-bath, resuspended in 
10 ml optiMEM and centrifuged at 500 x g for 5 min. The supernatant was aspirated and 
resuspension and centrifugation steps were repeated. The supernatant was aspirated, the 
cells were resuspended in 1 ml optiMEM and counted. Cells were diluted to reach a 
concentration of 2 x 106 cells/ml. 8 µl/well of cell suspension was added in a white, low-
volume, flat bottom, tissue culture-treated 384 well plate resulting in a final density of 
16,000 cells/well. The plate was centrifuged for 30 sec at 100 x g and incubated in a 37°C 
humidified incubator for 2 h. Following incubation, 4 µl/well of DRD2 ligand was added 
to the cells. Cells were incubated for 10 minutes at room temperature and ERK 
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phosphorylation was measured using the Cellul’erk assay (Cisbio Bioassays, Bedford, 
MA) according to the manufacturer’s instructions. Plates were read for fluorescent 
emissions at 620 nm and 665 nm using 330 nm as the excitation wavelength in a Synergy 
4. 
 
3.2.9 Dynamic mass redistribution (DMR) assay: 
DMR assays were performed as described previously (Schroder et al., 2011). 
Briefly, 20 µl optiMEM was added to each well of one quadrant of a fibronectin-coated 
EnSpire LFC-384 plate (PerkinElmer, Shelton, CT) and centrifuged at 500 x g for 30 sec. 
Cryopreserved CHO-D2L cells were thawed, centrifuged, and counted as described above. 
Cells were diluted to achieve 3.3 x 105 cells/ml. 30 µl/well of this dilution was added to 
the plate for a final volume of 50 µl, and plate was incubated for 16-24 h in a 37°C 
humidified incubator. 1-1.5 h prior to assay, media was aspirated and cells were washed 
twice with room temperature HBSS (Life Technologies, Grand Island, NY) supplemented 
with 20 mM HEPES, which served as assay buffer, using a JANUS MDT Mini 
(PerkinElmer, Shelton, CT). Cells were incubated in 40 µl/well assay buffer for 1-1.5 h at 
ambient temperature. 10 baseline DMR reads were performed, 10 µl/well of DRD2 
ligand dissolved in assay buffer was added, and DMR was measured for 200 reads. All 
DMR measurements were made using an EnSpire plate reader according to 
manufacturer’s protocols (PerkinElmer, Shelton, CT). Following assay, wells were 
visually inspected for confluency, and wells with significantly reduced cellular density 
(<60%) were excluded from further analysis. Receptor activation was quantified by 
calculating the maximum DMR peak intensity achieved during 40 reads, approximately 
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20 min, following ligand addition. Receptor activation was also quantified by calculating 
area under the curve (AUC) of the initial DMR peak that occurred during the first 40 
reads, with resultant concentration response curves being indistinguishable from 
maximum DMR peak intensity curves (data not shown).       
 
3.2.10 Membrane preparations: 
Cells were grown to confluency in 15 cm dishes. Culture media was aspirated, 
replaced with 10 ml ice-cold lysis buffer (1 mM HEPES, 2 mM EDTA, pH 7.4) and 
incubated on ice for 10 min. Cells were scraped using a sterile cell scraper, suspended in 
the lysis buffer, triturated by pipetting up and down, and centrifuged at 30,000 x g for 20 
min at 4°C. The supernatant was discarded. The pellet was resuspended in receptor 
binding buffer (4 mM MgCl2, 50 mM TRIS, pH 7.4), homogenized using a Kinematica 
homogenizer (Kinematica, Switzerland) and aliquoted in 1 ml fractions. The aliquots 
were centrifuged at 12,000 x g for 10 min at 4°C, the supernatant was decanted, and the 
pellet was frozen and stored in a -80°C freezer until the assay day. 
 
3.2.11 Isotherm binding assay: 
The isotherm binding assays were done using [3H] methylspiperone (PerkinElmer, 
Shelton, CT) as described previously (Vidi et al., 2008). Membrane aliquots were thawed 
on ice and resuspended in receptor binding buffer at a final concentration of 
approximately 30 ng/µl of membrane protein. Total binding reactions were carried out in 
receptor binding buffer containing increasing concentrations of [3H] methyspiperone and 
membrane suspension in a total volume of 500 µl. Non-specific binding was assessed in 
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the presence of 5 µM butaclamol. Reactions were incubated for 30 minutes at 37°C and 
then harvested in a 96-well Packard Filtermate harvester (PerkinElmer, Shelton, CT) to 
type B glass fiber filter plates (Millipore, Billerica, MA). Concentration of radioligand 
was determined by pipetting [3H] methylspiperone directly onto the wells of the filter 
plates for “total radioactivity”. The plates were dried overnight, and 40 µl/well of 
MicroScint 0 scintillation fluid (PerkinElmer, Shelton, CT) was added. Radioactivity was 
measured in a Packard TopCount scintillation detector (PerkinElmer, Shelton, CT). 
 
3.2.12 Competitive binding assay: 
Competitive binding assays were conducted in the presence of 0.4 nM [3H] 
methylspiperone. Total and non-specific binding were determined as described for the 
isotherm binding assay, except that the competitive binding reactions were carried out in 
the presence of 75 µM 5’-guanylyl-imidodiphosphoate (GppNHp ; Sigma-Aldrich, St. 
Louis, MO) (Kent et al., 1980). Competitive binding reactions contained increasing 
concentrations of test compound, [3H] methylspiperone, GppNHp, membrane suspension, 
and receptor binding buffer. The reactions were incubated, harvested, and radioactivity 
was quantified as described above. 
 
3.2.13 Bias and data analyses: 
All data were analyzed using GraphPad Prism 6 (GraphPad Software Inc., San 
Diego, CA). Ligand bias was assessed using four different methods. The equimolar 
comparison was done by plotting normalized responses of two signaling pathways for 
equal concentrations of ligand against each other. Shifts on the plots toward one of the 
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axes in comparison with the reference compound (dopamine) indicated bias for the 
pathway on that axis. 
The equiactive comparison was done using the ratios of relative activity as 
previously described (Ehlert, 2008; Griffin et al., 2007; Rajagopal et al., 2011) using the 
following equation: 
!"#$!!"#$%& = !"# !"#$%&'"!!"#$%$#&!",!"#!"#$%&'"!!"#$%$#&!",!"#  
!!!!!!!!!!!= !"# !"#$!"#!!×!!"50!"#!!!"50!"#!!×!!"#$!"#!! !"# ÷ !"#$!"#!!×!!"50!"#!!!"50!"#!!×!!"#$!"#!! !"#
= !"# !"#$!"#!!×!!"50!"#!!!"50!"#!!×!!"#$!"#!! !"# × !"#$!"#!!×!!"50!"#!!!"50!"#!!×!!"#$!"#!! !"# !
 Where Emax is the maximal effect of the compound, EC50 is the EC50 value of 
the compound, lig is the compound being analyzed, ref is the reference compound, path1 
is one of the pathways being analyzed, and path2 is the other pathway being analyzed. 
For the transduction coefficient method, functional data was plotted in the Black 
and Leff operational model (Black and Leff, 1983) and the analysis was done as 
previously described (Kenakin et al., 2012), except for the standard errors, which were 
calculated individually for each compound. The following equation was used for this 
analysis: !"#$!!"#$%& = ΔΔ!"# !!!  
= !"# !!! !"# − !"# !!! !"# !"#!! − !"# !!! !"# − !"# !!! !"# !"#!! 
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Where τ is the coupling efficiency and KA is the conditional affinity. Both were 
obtained by fitting the data to the Black and Leff operational model. 
The compounds were also analyzed using the sigma comparison, which was done 
by fitting the functional data in the Black and Leff operational model (Black and Leff, 
1983) setting the KA to the ligands’ dissociation constant (Ki) obtained from the 
competitive binding assays carried in the same CHO-D2L cells used for the functional 
studies. Data were analyzed as previously described (Rajagopal et al., 2011) using the 
following equations: 
!!"# = !"# !!"#!!"#  
!"#$!!"#$%& = !!"#!"#!! − !!"#!"#!!2  
Where τ is the coupling efficiency and σ is the effective signaling. 
For all methods the natural ligand, dopamine was used as the reference 
compound. Statistical analyses were done in GraphPad Prim 6 using one-way ANOVA 




3.3.1 β-arrestin recruitment and Gαi/o activation: 
The first pathway downstream of the DRD2 examined was the recruitment of β-
arrestin using the PathHunter® assay from DiscoveRx (figure 3.1A and table 3.1). 
Rotigotine and lisuride potently stimulated recruitment of β-arrestin with EC50 values of 
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0.2 nM and 0.4 nM, respectively. (+)-3-PPP was the least potent compound with an EC50 
value of 925 nM. Aripiprazole and lisuride displayed partial agonist activity for the 
recruitment of β-arrestin with maximal effects lower than 80% of the effect of dopamine.  
The second signaling pathway examined was the canonical DRD2 activation of 
Gαi/o by measuring inhibition of forskolin-stimulated cAMP accumulation. These studies 
were performed in the same line of CHO-D2L cells used for the β-arrestin assay. As seen 
in table 2.1 from chapter 2, the ProLinkTM tag at the DRD2 did not cause any significant 
changes in ligand-induced DRD2-stimulated Gαi/o activation (table 1). The compounds 
displayed a wide range of potencies for activation of Gαi/o (figure 3.1B and table 1) with 
the most potent compounds being rotigotine, pergolide, and lisuride with EC50 values of 
20 pM, 40 pM, and 70 pM, respectively. The least potent compound was (+)-3-PPP with 
an EC50 value of 8.6 nM.  Aripiprazole displayed partial agonist activity with efficacy 
equal to 65% of the maximal effect of dopamine. The majority of the compounds were 
more potent at inhibition of cAMP accumulation than recruitment of β-arrestin. 
Alternatively, RNPA was more potent in stimulating recruitment of β-arrestin (table 3.1), 




Figure 3.1 Activation of three signaling pathways downstream of the DRD2 in 
CHO-D2L cells. A. Recruitment of β-arrestin to the DRD2 was measured using the 
PathHunter assay from DiscoveRx. B. Activation of Gαi/o by the DRD2 was measured by 
assessing inhibition of forskolin-mediated cAMP production. C. Activation of Gβγ by the 



















































































































DRD2 was assessed by measuring potentiation of PMA-stimulated cAMP accumulation 
in CHO-D2L cells transiently transfected with AC2. Data represent the average and 
S.E.M. of at least three independent experiments. 
 
More detailed bias analyses for Gαi/o and β-arrestin were completed employing 
the previously described methods of measuring ligand bias using dopamine as the 
reference compound. The equimolar comparison identified apparent biased agonists 
through qualitative analyses (figure 3.2A). For example, the data points of rotigotine are 
shifted toward the β-arrestin recruitment axis in comparison to data points from 
dopamine (figure 3.2A). The qualitative nature of this method precludes statistical 
analyses. However, in comparison with the current quantitative analyses, the equimolar 
comparison may be useful for comparing compounds that are antagonists or inverse 
agonists for one or more of the signaling pathways under investigation.  
The results from the Gαi/o and β-arrestin assays were then analyzed using three 
recently described quantitative methods that incorporate functional data from 
concentration response curves. The equiactive comparison model compares the log of the 
ratios of the relative activity of test compounds to the reference compound (Ehlert, 2008; 
Griffin et al., 2007; Rajagopal et al., 2011). When functional data were compared using 
the equiactive comparison, five compounds (lisuride, bromocriptine, aripiprazole, 
rotigotine, and RNPA) displayed statistically significant bias for the recruitment of β-
arrestin compared to Gαi/o with RNPA displaying the greatest degree of bias (figure 
3.2B). The bias patterns observed here generally reflect the patterns seen in the potency 





Table 3.1 Potency and maximal effects of the compounds tested for downstream effectors of the DRD2. Data is an 
average of at least three individual experiments conducted in duplicate. EC50 values are in nM and the 95% confidence interval 
is shown in parentheses. Maximal effects are shown as a percentage of dopamine’s maximal response, standard errors are 
shown in parentheses. Potency ratios of β-arrestin recruitment/ Gαi/o activation were also included. ND – not determined. 
 
Compound 











Dopamine 124 (100-153) 100 (±2) 1.2 (0.7-2.1) 100 (±3) 171 (72-407) 100 (±8) 103 
Quinpirole 64 (59-70) 96 (±1) 1.2 (0.9-1.6) 100 (±2) 145 (89-236) 103 (±4) 53 
Lisuride 0.4 (0.3-0.6) 66 (±2) 0.07 (0.04-0.14) 106 (±5) 2.2 (0.4-12.0) 30 (±6) 9 
Bromocriptine 2.9 (1.9-4.4) 101 (±4) 1.9 (0.9-4.3) 104 (±3) 0.5 (0.1-2.1) 34 (±5) 2 
Aripiprazole 3.6 (2.5-5.2) 19 (±1) 1.3 (0.5-3.1) 65 (±4) ND -19 (±5) 3 
Rotigotine 0.2 (0.1-0.3) 111 (±4) 0.02 (0.007-0.03) 95 (±3) 1.5 (0.3-6.9) 54 (±9) 10 
(+)-3-PPP 925 (809-1058) 92 (±1) 8.6 (4.9-15.1) 108 (±4) 518 (136-1973) 57 (±9) 108 
RNPA 1.9 (1.5-2.5) 101 (±2) 13 (3-57) 95 (±13) 360 (210-619) 110 (±11) 0.1 
Pramipexole 12 (10-15) 94 (±2) 0.2 (0.1-0.3) 108 (±3) 20 (9-46) 86 (±5) 60 
Ropinirole 49 (37-63) 92 (±2) 0.5 (0.3-0.8) 111 (±4) 100 (34-290) 56 (±6) 98 




Figure 3.2 Bias analyses of β-arrestin recruitment in comparison to Gα i/o activation 
by the DRD2. A. Equimolar comparison. B. Equiactive comparison. C. Transduction 
coefficient. D. Sigma comparison. Dopamine was used as the reference compound for all 
the analyses. For the quantitative analyses positive values indicate bias for β-arrestin; 
negative values indicate bias for Gαi/o. Data represent the average and S.E.M. of at least 
three independent experiments. *p < 0.05. 
 
The recently described transduction coefficient was then used to assess bias 
(Kenakin et al., 2012). The functional data were plotted in the Black and Leff operational 
model (Black and Leff, 1983) in order to calculate values for coupling efficiency (τ) and 
conditional affinity (KA ). The Δlog (τ/KA) ratios for the reference compound were 











































































































































































































































calculated and subtracted from the Δlog (τ/KA) ratios of test compounds at each 
respective pathway to calculate bias (Kenakin et al., 2012). In agreement with the 
equiactive comparison, this approach identified the same five compounds as biased for 
recruitment of β-arrestin (figure 3.2C).  In contrast to the equiactive model, the 
transduction coefficient model identified pergolide as biased for Gαi/o in comparison to 
β-arrestin recruitment. An inspection of the potency ratios also identifies pergolide as the 
most Gαi/o-selective compound (table 3.1).  
A third quantitative model also uses the Black and Leff operational model (Black 
and Leff, 1983) with the notable requirement for dissociation constants (Ki) for each 
ligand (Rajagopal et al., 2011). For this analysis we performed competitive binding 
assays in membranes prepared from the same CHO-D2L cell line that was used for the 
functional studies. The affinity values (Ki) of the compounds for the DRD2 were 
measured using [3H]methylspiperone (table 3.2). Competitive binding experiments were 
carried out in the presence of GppNHp to uncouple receptors from G proteins and 
provide a more homogenous receptor state (Kent et al., 1980). The bias factors from the 
sigma model were very similar to the bias factors obtained from the other quantitative 
analyses (figure 3.2D). Four of the five compounds that were identified as biased for β-
arrestin recruitment using the other methods were also identified using the sigma model 
(lisuride, bromocriptine, aripiprazole, and RNPA). In all three quantitative models, 
RNPA was identified as the most biased compound for recruitment of β-arrestin. 
Notably, in each of the quantitative bias analyses above aripiprazole was identified as 
significantly biased for β-arrestin recruitment. These findings appear inconsistent with 
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simple pharmacological inspection. For example, aripiprazole was a partial agonist for 
Gαi/o activation and β-arrestin recruitment with relative efficacies of 65% and 19%, 
respectively. Furthermore, the EC50 values of aripiprazole were 1.3 nM for Gαi/o 
activation versus 3.6 nM for β-arrestin recruitment. Taken together, these values imply 
aripiprazole is biased for Gαi/o activation in comparison to β-arrestin recruitment due to 
increased efficacy and potency. This discrepancy can be accounted for by considering 
that dopamine, the reference compound, is nearly 100 times more potent for Gαi/o 
activation than β-arrestin recruitment. This highlights the importance of the choice and 
activity of the reference compound in bias analysis and interpretation.  Measures of bias 



























Table 3.2 Affinity constants of the compounds for the DRD2. Log Ki values and 
standard errors are shown in the table. The results are an average and S.E.M. of at least 
three independent experiments. 
 
Compound Log Ki 
Dopamine -4.83 (±0.04) 
Quinpirole -5.03 (±0.09) 
Aripiprazole -7.40 (±0.08) 
Lisuride -9.27 (±0.17) 
Bromocriptine -8.02 (±0.10) 
Rotigotine -7.10 (±0.06) 
(+)-3-PPP -4.61 (±0.05) 
RNPA -7.89 (±0.04) 
Pramipexole -5.53 (±0.08) 
Ropinirole -5.28 (±0.14) 
Pergolide -6.49 (±0.15) 
 
 
3.3.2 Activation of Gβγ: 
The next signaling pathway downstream of the DRD2 that was analyzed was the 
activation of Gβγ subunits. Activation of Gβγ by GPCRs can lead to several different 
cellular responses, including activation of GIRKs, phospholipase C β2, modulation of N-
type calcium channels, and potentiation of AC2 (Lin and Smrcka, 2011). DRD2-mediated 
Gαi/o activation and the subsequent release/rearrangement of Gβγ produce a conditional 
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enhancement of cAMP production by AC2 when the enzyme is activated by PKC via 
PMA (Watts and Neve, 1997). In order to examine Gβγ activation by the DRD2, CHO-
D2L cells were transiently transfected with AC2, and the potentiation of PMA-stimulated 
cAMP accumulation by agonists was examined. 
Consistent with activation of Gβγ, most of the compounds tested elicited an 
enhanced cAMP response to PMA (figure 3.1C and table 3.1). Several compounds ((+)-
3-PPP, bromocriptine, ropinirole, pergolide, lisuride, and rotigotine) displayed partial 
agonist profiles for Gβγ signaling with maximal activities that were lower than 80% of 
dopamine’s maximal response. Aripiprazole did not display an agonist response in this 
assay. The most potent compounds were bromocriptine and rotigotine, with EC50 values 
of 0.5 nM and 1.5 nM, respectively, whereas the least potent compound was (+)-3-PPP 
with an EC50 value of 518 nM. Dopamine and quinpirole were full agonists with EC50 
values of 171 nM and 145 nM, respectively. The majority of the compounds were an 
order of magnitude (>25-fold) less potent for Gβγ signaling compared to the Gαi/o-
mediated response (table 3.1). Alternatively, bromocriptine was about 6-fold more potent 
for Gβγ activity suggesting that this compound may be biased for Gβγ activation.  
Bias analyses were carried out to compare Gβγ activation with Gαi/o signaling 
through the DRD2. The equimolar comparison resulted in apparent bias of aripiprazole 
for Gαi/o, due to the lack of response for Gβγ activation (figure 3.3A). The quantitative 
methods were unable to analyze the results from aripiprazole given the lack of efficacy. 
The equiactive comparison and the transduction coefficient identified bromocriptine as 
biased for Gβγ activation in comparison with Gαi/o activation (figures 3.3B and 3.3C). 
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Conversely, the sigma comparison suggested that pergolide was biased for Gαi/o 
activation (figure 3.3D). Bias analyses for activation of Gβγ were also carried out in 
comparison to β-arrestin recruitment (figure 3.4). In the equiactive comparison and 
transduction coefficient, RNPA was the only compound that displayed significant bias for 
β-arrestin recruitment (figures 3.4B and 3.4C). The sigma comparison identified 
rotigotine as significantly biased for β-arrestin recruitment (figure 3.4D). 
 
 
Figure 3.3 Bias analyses of Gβγ  in comparison to Gα i/o activation by the DRD2. A. 
Equimolar comparison. B. Equiactive comparison. C. Transduction coefficient. D. Sigma 
comparison. Dopamine was used as the reference compound for all the analyses. For the 
quantitative analyses positive values indicate bias for Gβγ; negative values indicate bias 






































































































































































































for Gαi/o. Data represent the average and S.E.M. of at least three independent 




Figure 3.4 Bias analyses of Gβγ  activation in comparison to β-arrestin recruitment 
to the DRD2. A. Equimolar comparison. B. Equiactive comparison. C. Transduction 
coefficient. D. Sigma comparison. Dopamine was used as the reference compound for all 
the analyses. For the quantitative analyses positive values indicate bias for Gβγ 
activation; negative values indicate bias for β-arrestin recruitment. Data represent the 




















































































































































































































3.3.3 Heterologous sensitization of adenylyl cyclases: 
After measuring the activation of immediate effectors of the DRD2, more 
complex signaling pathways were analyzed. Heterologous sensitization is a cellular 
adaptive response that is observed following persistent activation of Gαi/o-coupled 
GPCRs (Watts, 2002). It has been shown that both Gα (which can be blocked by 
pertussis toxin treatment) and Gβγ subunits (prevented by the expression of βARK-CT) 
are required for this response (Ejendal et al., 2012; Watts and Neve, 2005). To explore 
the potential relationship and apparent requirement for both Gα and Gβγ, sensitization 
studies were completed in the CHO-D2L cells used above.  
Heterologous sensitization was induced by pretreating the cells with the DRD2 
ligands for two hours followed by measuring forskolin-stimulated cAMP accumulation in 
the presence of spiperone. This prolonged pre-treatment results in an enhancement in 
cAMP production when compared to vehicle-treated cells (figure 3.5A).  The responses 
observed for heterologous sensitization displayed diversity among the compounds tested 
(table 3.3). Quinpirole and RNPA were more efficacious than dopamine. In contrast, 
aripiprazole had no detectable response in this assay, and lisuride was an inverse agonist. 










Figure 3.5 Activation of complex signaling pathways downstream of the DRD2. A. 
Heterologous sensitization was assessed by pre-treating the cells with the DRD2 ligand 
for two hours and then, stimulating them with forskolin. B. ERK phosphorylation was 





























































































































measured after treating the cells with the DRD2 ligand for 10 min using Cisbio’s 
Cellul’erk kit. C. Dynamic mass redistribution was measured during stimulation with D2 
ligands, which resulted in positive DMR. The maximal peak height was determined and 
used to plot the curves. Data represent the average and S.E.M. of at least three 
independent experiments. The DMR experiments (C) were conducted by Michael P. 




Ligand bias analyses were employed to compare heterologous sensitization with 
activation of the immediate DRD2 effectors. The initial contrast between the methods 
was that aripiprazole and lisuride could only be analyzed using the qualitative equimolar 
comparison. The bias analyses for sensitization versus Gαi/o were model dependent and 
identified only one biased compound (figures 3.6A and 3.6D, and 3.7A). Specifically, the 
transduction coefficient method and the sigma comparison revealed no bias, whereas the 
equiactive comparison identified RNPA as biased for heterologous sensitization. When 
heterologous sensitization was compared to Gβγ activation, none of the compounds 
displayed significant bias in any of the methods used (figures 3.6B and 3.6E, and 3.7B). 
Heterologous sensitization was then compared with β-arrestin recruitment. These bias 
comparisons revealed that RNPA was biased for β-arrestin recruitment and pergolide was 
biased for heterologous sensitization in each of the quantitative models (figures 3.6C and 
3.6F, and 3.7C). Additionally, the equiactive comparison identified rotigotine as 








Table 3.3 Potency and maximal effects of the compounds tested for the complex signaling pathways of the DRD2. Data 
is an average of at least three individual experiments conducted in duplicate. EC50 values are in nM and the 95% confidence 
interval is shown in parentheses. Maximal effects are shown as a percentage of dopamine’s maximal response, standard errors 
are shown in parentheses. ND – not determined.  
 
Compound 




  EC50 (nM) 
Max effect 
(%dopamine) 
  EC50 (nM) 
Max effect 
(%dopamine) 
Dopamine 3.3 (0.9-11.6) 100 (±8) 
 
53 (32-86) 100 (±5) 
 
11 (8.6-15) 100 (±2) 
Quinpirole 3.3 (2.3-4.7) 147 (±3) 
 
44 (24-81) 95 (±5) 
 
8.7 (5.8-12.9) 97 (±3) 
Lisuride 0.09 (0.04-0.18) -73 (±3) 
 
1.5 (0.7-3.4) 53 (±5) 
 
12 (7.5-19) 95 (±4) 
Aripiprazole ND -13 (±13) 
 
19 (3-112) 12 (±2) 
 
593 (323-1090) 57 (±3) 
Rotigotine 0.06 (0.02-0.22) 98 (±9) 
 
1.4 (0.7-2.9) 80 (±5) 
 
6.4 (4.4-9.5) 120 (±3) 
RNPA 14 (11-18) 183 (±8) 
 
216 (107-433) 84 (±6) 
 
13 (9.0-17) 111 (±3) 










Figure 3.6 Bias analyses using the equiactive comparison and transduction 
coefficients of heterologous sensitization in comparison to effectors of the DRD2. A. 
Equiactive comparison of heterologous sensitization and Gαi/o activation. B. Equiactive 
comparison of heterologous sensitization and Gβγ activation. C. Equiactive comparison 
of heterologous sensitization and β-arrestin recruitment. D. Analyses using the 
transduction coefficients of heterologous sensitization in comparison to Gαi/o activation. 
E. Analyses using the transduction coefficients of heterologous sensitization in 



































































































































































































































































heterologous sensitization in comparison to β-arrestin recruitment. Dopamine was used 
as the reference compound for all the analyses. Positive values indicate bias for 
heterologous sensitization; negative values indicate bias for the DRD2 effector under 
analysis. Data represent the average and S.E.M. of at least three independent 




Figure 3.7 Bias analyses using the sigma comparison of heterologous sensitization in 
comparison to effectors of the DRD2. A. Heterologous sensitization in comparison to 

































































































































Heterologous sensitization in comparison to β-arrestin recruitment. Dopamine was used 
as the reference compound for all the analyses. Positive values indicate bias for 
heterologous sensitization; negative values indicate bias for the immediate DRD2 effector 
under analysis. Data represent the average and S.E.M. of at least three independent 
experiments. *p < 0.05. 
 
 
3.3.4 ERK phosphorylation: 
The next complex signaling pathway analyzed was DRD2-mediated ERK 
phosphorylation. β-arrestins are involved in ERK phosphorylation downstream of several 
GPCRs (Lefkowitz and Shenoy, 2005; Zhu et al., 2013). However, it has been suggested 
that DRD2-mediated ERK phosphorylation is a G protein-mediated event that is not 
dependent on β-arrestins (Quan et al., 2008). Moreover, both G protein inactivation with 
pertussis toxin and sequestration of Gβγ with βARK-CT inhibited DRD2-mediated ERK 
phosphorylation in CHO cells (Oak et al., 2001). For this signaling pathway a subset of 
the DRD2 ligands was tested that included dopamine and quinpirole, commonly used 
reference compounds, and ligands that displayed functional selectivity for the immediate 
effectors of the DRD2, such as aripiprazole, lisuride, rotigotine, RNPA, and pergolide 
(figure 3.5B and table 3.3).  
The quantitative bias analyses were then carried out comparing ERK 
phosphorylation with the activation of the immediate effectors of the DRD2. Notably, 
none of the quantitative methods identified significantly biased compounds in the 
comparisons of ERK phosphorylation with Gαi/o or Gβγ activation (figures 3.8A, 3.8B, 
3.8D, 3.8E, and 3.9). In contrast, the comparisons with β-arrestin recruitment using the 
equiactive comparison identified aripiprazole, lisuride, rotigotine, and RNPA as 
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significantly biased for β-arrestin recruitment (figure 3.8C). The transduction coefficient 
and the sigma comparison were generally consistent revealing bias trends for 






Figure 3.8 Bias analyses using the equiactive comparison and transduction 
coefficients of ERK phosphorylation in comparison to effectors of the DRD2. A. 
Equiactive comparison of ERK phosphorylation and to Gαi/o activation. B. Equiactive 
comparison of ERK phosphorylation and Gβγ activation. C. Equiactive comparison of 
ERK phosphorylation and β-arrestin recruitment. D. Analyses using the transduction 
coefficients of ERK phosphorylation in comparison to Gαi/o activation. E. Analyses using 
the transduction coefficients of ERK phosphorylation in comparison to Gβγ activation. F. 
Analyses using the transduction coefficients of ERK phosphorylation in comparison to β-



















































































































































































































































































Positive values indicate bias for ERK phosphorylation; negative values indicate bias for 
the immediate DRD2 effector under analysis. Data represent the average and S.E.M. of at 




Figure 3.9 Bias analyses using the sigma comparison of ERK phosphorylation in 
comparison to effectors of the DRD2. A. ERK phosphorylation in comparison to Gαi/o 
activation. B. ERK phosphorylation in comparison to Gβγ activation. C. ERK 
phosphorylation in comparison to β-arrestin recruitment. Dopamine was used as the 










































































































































phosphorylation; negative values indicate bias for the immediate DRD2 effector under 




3.3.5 Dynamic mass redistribution (DMR): 
 The final measure of complex signaling following stimulation with DRD2 ligands 
employed in this study was DMR. DMR is a label free phenotypic measure of ligand-
receptor signaling that temporally monitors changes in intracellular mass via the optical 
characteristics of the cells, namely the refractive index (Fang et al., 2006). DMR has been 
used previously to study and characterize a number of GPCRs (Schroder et al., 2011). 
Ligands characterized using this assay were dopamine and quinpirole as reference 
compounds and the immediate effector biased compounds lisuride, pergolide, rotigotine, 
RNPA, and aripiprazole. Of the compounds tested, only aripiprazole’s responses were 
markedly different than that of dopamine (figure 3.5C and table 3.3). Rotigotine was the 
most potent compound tested with an EC50 value of 6.4 nM. Aripiprazole was the only 
compound tested that exhibited significantly lower efficacy as it only elicited 57% of 
dopamine’s response. Aripiprazole was also the least potent compound tested with an 
EC50 value of 593 nM (table 3.3). 
 DMR was then compared with the immediate effectors of the DRD2 using the 
quantitative bias analyses. Notably, in contrast to the other complex signaling pathways, 
the comparisons against all immediate DRD2 effectors resulted in significantly biased 
compounds (figures 3.10 and 3.11). The equiactive comparison identified aripiprazole, 
lisuride, rotigotine, and pergolide as significantly biased for Gαi/o; and RNPA as 
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significantly biased for DMR in comparison to Gαi/o (figure 3.10A). The transduction 
coefficient resulted in a similar pattern, except that RNPA was not significantly biased 
(figure 3.10D). The sigma comparison resulted in only one significantly biased 
compound in the analyses against Gαi/o. Pergolide was biased for Gαi/o (figure 3.11A). 
The analyses of DMR versus Gβγ activation also resulted in significantly biased 
compounds. The equiactive comparison identified lisuride, rotigotine, and pergolide as 
biased for Gβγ (figure 3.10B). The transduction coefficient identified only lisuride as 
biased for Gβγ (figure 3.10E). And the sigma comparison did not result in any 
significantly biased compounds (figure 3.11B). All quantitative methods of analyzing 
ligand bias resulted in significantly biased ligands in the comparisons between DMR and 
β-arrestin recruitment. The equiactive comparison identified aripiprazole, lisuride, 
rotigotine, RNPA, and pergolide as significantly biased for β-arrestin recruitment (figure 
3.10C). A similar pattern was found in the analyses using the transduction coefficient, 
except that pergolide was not significantly biased (figure 3.10F). The analyses using the 
sigma comparison identified rotigotine, aripiprazole, and RNPA as significantly biased 









Figure 3.10 Bias analyses using the equiactive comparison and transduction 
coefficients of DMR in comparison to effectors of the DRD2. A. Equiactive 
comparison of DMR and Gαi/o activation. B. Equiactive comparison of DMR and Gβγ 
activation. C. Equiactive comparison of DMR and β-arrestin recruitment. D. Analyses 
using the transduction coefficients of DMR in comparison to Gαi/o activation. E. 
Analyses using the transduction coefficients of DMR in comparison to Gβγ activation. F. 
Analyses using the transduction coefficients of DMR in comparison to β-arrestin 
recruitment. Dopamine was used as the reference compound for all the analyses. Positive 


































































































































































































































































































effector under analysis. Data represent the average and S.E.M. of at least three 






Figure 10.11 Bias analyses using the sigma comparison of DMR in comparison to 
effectors of the DRD2. A. DMR in comparison to Gαi/o activation. B. DMR in 
comparison to Gβγ activation. C. DMR in comparison to β-arrestin recruitment. 









































































































































indicate bias for DMR; negative values indicate bias for the immediate DRD2 effector 
under analysis. Data are the average and S.E.M. of at least three independent 




Ligand bias is increasingly appreciated as a potential strategy for development of 
drugs with improved efficacy and/or reduced side effects. However, debate currently 
exists with regard to the most appropriate methods for assessing bias (Kenakin and 
Christopoulos, 2013a; Rajagopal, 2013).  In the present study, the ability of several 
agonists to activate multiple signaling pathways coupled to the DRD2 was examined. The 
most commonly used methods to measure ligand bias were employed and evaluated.  
Bias analyses may be influenced by variability in cell-to-cell expression levels of 
receptors and other signaling proteins that may lead to inconsistent results. For instance, 
the potency and efficacy of aripiprazole, a DRD2 partial agonist, for activation of Gαi/o 
are very cell line-dependent (Burris et al., 2002; Lawler et al., 1999; Shapiro et al., 2003) 
making the choice of an appropriate cellular model an important first step. In the present 
CHO-D2L model, factors such as receptor expression levels and the expression level of 
immediate signaling transduction proteins, such as Gα, Gβγ, and β-arrestin, were 
constant in an effort to ensure that the observed bias only reflects interactions between 
ligand and receptor signaling complex.  
Each of the methods used to assess ligand bias was effective in identifying 
pathway-biased ligands. Although the equimolar comparison is logical and easy to 
perform, its qualitative nature limits its use when comparing multiple compounds in 
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structure activity relationships or screening studies (Kenakin and Christopoulos, 2013b; 
Rajagopal et al., 2011).  The relative merits and limitations of quantitative approaches to 
measure ligand bias have been reviewed (Kenakin and Christopoulos, 2013b; Rajagopal 
et al., 2011). The equiactive method uses EC50 values and the maximal effects of the 
compounds from standard 4-parameter sigmoid curve-fitting approaches to calculate 
relative activities (Ehlert, 2008; Griffin et al., 2007; Rajagopal et al., 2011). Both the 
sigma comparison and transduction coefficient methods fit agonist data according to the 
Black-Leff operational model, however, they differ in defining the agonist affinity 
parameter KA.  The sigma comparison utilizes affinity values derived from radioligand 
binding experiments.  This analysis, therefore, requires additional experiments or 
literature mining to obtain the affinity constants of the drug for the receptor. Furthermore, 
debate exists as to the design and appropriateness of using binding assay-derived affinity 
values, as agonists often have different affinity values for multiple conformational states 
of the receptor (Kenakin, 2014b; Kenakin and Christopoulos, 2013a; Nygaard et al., 
2013). The transduction coefficient model utilizes functionally-derived KA values which 
incorporates the interaction between ligand, receptor, and transducer (Kenakin et al., 
2012), although the meaningfulness of these KA values has also been questioned 
(Rajagopal, 2013).  
Despite the differences in the analyses, the present results revealed similar trends 
between the quantitative models, especially the equiactive and transduction coefficient 
comparisons. The relationship between the equiactive and transduction coefficient results 
was expected because the methods become nearly identical when the slopes of the 
concentration response curves are close to unity (Kenakin and Christopoulos, 2013b). 
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Similarly, if the experimentally determined affinity constants obtained from competitive 
binding assays (Ki) are the same as the conditional affinities obtained in the transduction 
coefficient method (KA), the bias factors from the sigma comparison and the transduction 
coefficient would also show good agreement (Kenakin and Christopoulos, 2013b). In 
contrast, poor agreement between the measured Ki value and calculated KA value lead to 
inconsistent bias results. For example, bromocriptine was not biased for Gβγ signaling in 
comparison to Gαi/o activation in the sigma comparison, however, it was identified as 
biased in both the equiactive comparison and the transduction coefficient (figure 3.3). 
This inconsistency can be explained by the constraint added by the measured Ki value to 
the fit of the data in the Black and Leff operational model (Kenakin and Christopoulos, 
2013b). Specifically, the Ki value of the compound was nearly 10 times larger than the 
KA value obtained from the transduction coefficient yielding a sub-optimal fit (R2 = 0.56), 
resulting in the lack of bias in the sigma comparison. It also appears that suboptimal 
fitting of the data can also increase the noise in the calculated bias factors. This was 
illustrated by examining RNPA in the analyses of Gβγ signaling using the sigma 
comparison (figure 3.4B). The added constraint to the sigma comparison by the use of the 
measured Ki value (which for this example was nearly 100 times lower that the KA value 
and 28 times lower than the EC50 value) resulted in a poor fit (R2 = 0.49) of the data 
increasing the noise in the bias analysis. One limitation of all these methods is that the 
nature of the data transformations precludes the traditional quantitative analyses from 
incorporating data from antagonists or inverse agonists. Furthermore, weak partial 
agonists may have poor fits when using the Black and Leff equation, limiting their 
analysis by these methods. For example, due to the lack of a significant agonist response 
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for aripiprazole in the Gβγ activation assay, a bias factor could not be determined using 
the quantitative models. 
The studies presented identified several biased compounds via both quantitative 
and qualitative measures. For example, aripiprazole had no agonist response for Gβγ 
activation while retaining partial agonist activity for all the other immediate receptor 
effectors analyzed (figure 3.1 and table 1). These results can be explained by differences 
in stimulus-response coupling efficiencies (i.e. most ligands were more potent for Gαi/o 
activation and β-arrestin recruitment than they were for Gβγ activation). Nevertheless, 
these data are in agreement with a previous study demonstrating that aripiprazole was 
inactive for stimulation of GIRK channels in MES-23.5 cells stably expressing the DRD2 
(Shapiro et al., 2003). Both the activation of GIRK channels and the potentiation of AC2 
result from the activation of Gβγ (Cooper and Crossthwaite, 2006; Lin and Smrcka, 2011; 
Watts and Neve, 1997). Furthermore, we have recently demonstrated in HEK cells that 
aripiprazole fully antagonizes dopamine’s Gβγ response through the DRD2 (Brust et al., 
2015b). In contrast, RNPA was an agonist for Gβγ activation in our assays, while it has 
been shown that the compound does not activate GIRK-mediated K+-currents in CHO 
cells stably expressing the DRD2 (Gay et al., 2004). Aripiprazole also failed to display 
any detectable responses for heterologous sensitization. This finding is consistent with 
the requirement of Gβγ activation for heterologous sensitization (Ejendal et al., 2012). 
Furthermore, lisuride was an apparent inverse agonist for heterologous sensitization and 




profile may be due to pseudoirreversible binding as a result of the high affinity of lisuride 
for the receptor (i.e. the inverse agonism observed is likely caused by continuous lisuride-
stimulated Gαi/o activity) (see table 3.2) (Watts and Neve, 1996).  
Rotigotine, a dopamine agonist approved for treatment of Parkinson’s disease, 
was among the most potent compounds for all signaling pathways, while (+)3-PPP was 
the least potent compound. The remaining compounds showed similar rank orders across 
the assays (table 3.1). The maximal effects of the compounds for the different signaling 
pathways also varied, however, this was not specifically associated with bias. For 
instance, although lisuride was a full agonist for Gαi/o and a partial agonist for β-arrestin 
recruitment, the quantitative analyses indicated bias for β-arrestin recruitment. This can 
be explained, in part by the reference compound used for the bias analyses. The EC50 
value of dopamine for activation of Gαi/o was nearly 100 fold lower than its EC50 value 
for β-arrestin recruitment, a profile that is similar to that of the prototypical DRD2 
agonist quinpirole (table 3.1). However, for lisuride the magnitude of the change in the 
EC50 values from Gαi/o to β-arrestin was about 10 fold (table 3.1). A similar bias profile 
was attributed to aripiprazole, which had a relative efficacy of 65% for Gαi/o activation 
and 19% for β-arrestin recruitment. These results highlight the strong influence that 
potency has in these analyses compared with fairly large differences in efficacy 
(approximately 40%).  
Bias analyses may also be useful in providing mechanistic insight underlying the 
activation of more complex signaling pathways downstream of a GPCR. Specifically, the 
comparisons of heterologous sensitization and ERK phosphorylation with the immediate 
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effectors of the DRD2 suggest that the recruitment of β-arrestin is not an essential event 
for the activation of those two signaling pathways. This is consistent with the results from 
assays using pertussis toxin, in which pertussis treatment fully inhibited quinpirole-
mediated heterologous sensitization and ERK phosphorylation (figure 10.12). For 
heterologous sensitization none of the analyses found significant bias in the comparisons 
with Gβγ activation. The comparisons with Gαi/o resulted in only one biased compound, 
RNPA, in the equiactive comparison. In contrast, the analyses comparing heterologous 
sensitization with β-arrestin recruitment resulted in several significantly biased 
compounds in all of the quantitative bias analyses. This is consistent with previous 
studies suggesting that G proteins but not β-arrestins are associated with heterologous 
sensitization (Bohn et al., 2000; Watts and Neve, 2005). For ERK phosphorylation, none 
of the compounds analyzed were significantly biased in the comparisons with Gαi/o or 
Gβγ activation. However, all the quantitative bias analyses resulted in significantly biased 
compounds in the comparisons with β-arrestin recruitment. These results suggest that in 
our model ERK phosphorylation is mediated by G proteins and not by β-arrestins. These 
results are in agreement with previous studies that suggested that DRD2-mediated ERK 
phosphorylation was not dependent on β-arrestins, and that inhibition of G protein 
signaling with pertussis toxin or βARK-CT also inhibited ERK phosphorylation (Oak et 
al., 2001; Quan et al., 2008). The comparisons of DMR with the immediate effectors 
revealed multiple biased compounds for all comparisons, except for the comparisons 
between DMR and Gβγ activation in the sigma comparison. These results could be 
interpreted to suggest that the immediate effectors have only limited contributions to the 
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DMR response for those biased compounds. Alternatively, it is probably more reasonable 
to propose that multiple effectors have significant contributions to DMR. This is 
consistent with the idea that DMR is an integrated cellular response. However, there is 
evidence that the most intense DMR peak is caused by activation of Gα (Ferrie et al., 
2014; Schroder et al., 2011) and treatment with pertussis toxin fully inhibited our 
quinpirole-mediated DMR response (figure 3.12D).  
 
 
Figure 3.12 Effects of pertussis toxin pretreatment on Gα i/o activation, heterologous 
sensitization, ERK phosphorylation, and DMR. Cells were treated overnight (16-18 h) 
with 50 ng/ml pertussis toxin before the functional assays were initiated. Pertussis 
treatment inhibited quinpirole-mediated inhibition of cAMP production (A.), 
heterologous sensitization (B.), DRD2-mediated ERK phosphorylation (C.), quinpirole-
induced DMR changes (D.). Data are the average and S.E.M. of at least three 
independent experiments. *p < 0.05 (t test with Holm-Sidak method comparing 10 µM 























































































































































and D.], and basal with 1µM PMA or 1 µM quinpirole [C.]. The DMR experiments (D) 
were conducted by Michael P. Hayes and David L. Roman. 
 
 
Biased ligands have the potential of becoming very important tools to improve the 
safety and specificity of current drug therapies. Many studies have already suggested 
scenarios where biased ligands are desired (DeWire and Violin, 2011; Whalen et al., 
2011). Quantification of ligand bias is a key parameter to guide medicinal chemists in the 
design of new pathway biased/functionally-selective compounds. Here a single cellular 
model was used to measure activation of each signaling pathway and the different 
equations used to quantify ligand bias were used and compared (Kenakin and 
Christopoulos, 2013b; Rajagopal et al., 2011). We observed that there was good overall 
consistency between the equiactive and transduction coefficient bias analyses when they 
were used in a single cellular model. Additionally, the present studies suggest that 











CHAPTER 4. SMALL MOLECULE INHIBITORS OF TYPE 1 ADENYLYL 




 Adenylyl cyclases (ACs) are integrators of signaling through G protein-coupled 
receptors (GPCRs). ACs catalyze the production of cAMP (cyclic adenosine 
monophosphate) from ATP (adenosine triphosphate) (Cooper and Crossthwaite, 2006). In 
general, GPCRs coupled to inhibitory G proteins (i.e. Gαi/o) inhibit ACs, while GPCRs 
coupled to stimulatory G proteins (i.e. Gαs) activate ACs. Moreover, due to their 
regulatory properties, AC isoforms can also be modulated by Gαq-coupled receptors and 
ion channels (Cooper and Crossthwaite, 2006; Sunahara and Taussig, 2002). There are 
nine isoforms of membrane-bound ACs, each of which presents different regulatory 
properties and expression patterns (Sadana and Dessauer, 2009). 
 All membrane-bound ACs are activated by Gαs, however, based on their 
additional regulatory properties these ACs can be divided into four different groups 
(Cooper and Crossthwaite, 2006; Sadana and Dessauer, 2009). AC1, AC3, and AC8 
belong to group 1 ACs. This group of ACs is activated by calcium/calmodulin. Group 2 
ACs is composed of AC2, AC4, and AC7, which are conditionally activated by Gβγ 
subunits. AC5 and AC6 represent group 3 ACs and these isoforms are inhibited by 
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calcium. And AC9 is the lone AC in group 4 due to its relative insensitivity to the small 
molecule AC-activator forskolin (Cooper and Crossthwaite, 2006; Sadana and Dessauer, 
2009; Sunahara and Taussig, 2002). 
 The different regulatory properties and tissue distribution of the membranous ACs 
suggest that each isoform may serve distinct purposes. In fact, the physiological functions 
of individual AC isoforms have been investigated in studies employing knockout and 
overexpression animal models (Sadana and Dessauer, 2009). The calcium stimulated 
adenylyl cyclases, AC1 and AC8, are highly expressed in the hippocampus, which is a 
brain region associated with learning and memory (Ferguson and Storm, 2004; Sadana 
and Dessauer, 2009). In behavioral assays it was observed that double-knockout mice 
lacking both AC1 and AC8 displayed impaired long-term memory in both passive 
avoidance and contextual learning assays (Wong et al., 1999). In contrast, mice lacking 
only AC1 or AC8 displayed wild-type-like behaviors (Wong et al., 1999). Notably, it has 
been shown that AC1 knockout mice lose remote contextual memories faster than wild-
type mice (Shan et al., 2008). These studies suggest that loss of activity of both AC1 and 
AC8 lead to memory impairments in mice; however, individual knockout of either AC 
only causes modest effects in a subset of behavioral assays. 
Additional studies with mice lacking AC1 suggest that inhibitors of AC1 may be 
useful for treating neuropathic/inflammatory pain and opioid dependence (Li et al., 2006; 
Vadakkan et al., 2006; Zachariou et al., 2008). Besides the hippocampus, AC1 is also 
expressed in regions of the central nervous system associated with pain and nociception, 
such as the anterior cingulate cortex (ACC) and dorsal horn neurons of the spinal cord 
(Wei et al., 2006; Xu et al., 2008; Zhuo, 2012). It has been hypothesized that the 
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development of chronic pain shares some cellular mechanistic features with memory 
formation and maintenance, that is, strengthening of synapses through LTP (long-term 
potentiation) (Ferguson and Storm, 2004; Zhuo, 2012). The behavioral responses of AC1 
knockout mice to inflammatory and neuropathic pain are largely inhibited compared to 
wild-type animals (Vadakkan et al., 2006; Zhuo, 2012).  
Consistent with those animal studies, a small molecule inhibitor of AC1 activity 
(i.e. NB001) was shown to have analgesic properties in both inflammatory and 
neuropathic rodent models of pain (Vadakkan et al., 2006; Wang et al., 2011). NB001 
also inhibited LTP in neurons from the ACC and spinal cord, but not hippocampus 
(Wang et al., 2011). The observations described above support the development and 
characterization of selective AC1 inhibitors for potential use as analgesic agents. The 
present study used a screening platform for identification of new selective AC1 inhibitors 
from a commercially-available natural products-derived small molecule library. This was 
facilitated by our previous structure-activity relationship (SAR) efforts involved with 
discovering selective inhibitors of AC2 (Conley et al., 2013). One of the compounds 
identified represents the most potent and selective small molecule AC1 inhibitor reported 
to date. We have also examined the effects of our best compound (W001) on signaling 
events mediated through the µ-opioid receptor (MOR) including AC inhibition, β-arrestin 
recruitment, and heterologous sensitization of AC. Moreover, we report that W001 has 






4.2 Materials and Methods 
4.2.1 Compounds and other chemicals used:  
Forskolin and phorbol 12-myristate 13-acetate (PMA) were purchased from Tocris 
(Ellisville, MO). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 
ethylenediaminetetraacetic acid (EDTA) were purchased from Fisher Scientific 
(Pittsburg, PA). NKY80 was purchased from EMD Millipore (Temecula, CA). 
Isoproterenol, A23187, adenosine monophosphate (ATP), ethyleneglycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 3-isobutyl-1-methylxanthine 
(IBMX), 5’-guanylyl-imidodiphosphoate (GppNHp), TWEEN 20, MgCl2, and 2-Amino-




4H-chromen-4-one (W001), 2-(trichloromethyl)-4H-chromen-4-one (W002), 2-(1-(4-
chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(1-phenylethyl)acetamide 
(W003),  4-chloro-1-methyl-3-nitroquinolin-2(1H)-one (W004), (E)-3-(3-(((1H-
benzo[d]imidazol-2-yl)thio)methyl)-4-methoxyphenyl)-1-(4-hydroxyphenyl)prop-2-en-1-
one (W005), and 6-amino-3-(4-fluorophenyl)-4-(4-hydroxyphenyl)-1,4-







4.2.2 Cell culture: 
 Human embryonic kidney (HEK) cells stably expressing AC1, AC8, or AC1 with 
the MOR were cultured in Dulbecco’s Modified Eagle Medium (Life Technologies, 
Grand Island, NY) supplemented with 5% bovine calf serum (Hyclone, Logan, UT), 5% 
fetal clone I (Hyclone, Logan, UT), and Antibiotic-Antimycotic (Life Technologies, 
Grand Island, NY), and G418  (Invivogen, San Diego, CA) (HEK-AC1), or hygromycin 
B (Fisher Scientific, Pittsburg, PA) (HEK-AC8), or G418 and puromycin (Sigma-
Aldrich, St. Louis, MO) (HEK-AC1/MOR). Chinese hamster ovary (CHO) cells 
expressing the MOR (CHO-MOR) in the PathHunter® β-Arrestin GPCR assay platform 
were purchased from DiscoveRx (Freemont, CA). Cells were grown in Ham’s F12 media 
supplemented with 1 mM L-glutamine (Thermo Scientific, West Palm Beach – FL), 10% 
fetal bovine serum (Hyclone, Logan, UT), 50 U/ml penicillin, 50 µg/ml streptomycin 
(Life Technologies, Grand Island, NY), G418 and hygromycin B. Cells were grown and 
frozen as previously described (Conley et al., 2014). 
 
4.2.3 Transient transfections: 
 HEK cells were plated in 15 cm dishes at a confluence of 9.0 x 106 cells/dish and 
incubated at 37°C in a humidified incubator overnight. On the following day, a 6 ml 
solution containing 9 µg of AC plasmid or venus fluorescent protein (venus) control 
plasmid and 60 µl lipofectamine 2000 (Life Technologies, Grand Island, NY) in 
optiMEM (Life Technologies, Grand Island, NY) was prepared and incubated at room 
temperature for 45 min. The solution was added dropwise to the cells, and transfection 
was carried out for 48 h. Cells were harvested, and cryopreserved as described above. For 
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AC9, HEK cells were plated in 10 cm dishes at a confluence of 3.5 x 106 cells/dish and 
incubated at 37°C in a humidified incubator overnight. On the following day, a 3 ml 
solution containing 3 µg of AC9 plasmid or venus plasmid control plus 0.3 µg of Gαs 
plasmid or venus plasmid control and 24 µl lipofectamine 2000 in optiMEM was 
prepared and incubated at room temperature for 45 min. The solution was added 
dropwise to the cells, transfection was carried out for 48 h, and cells were harvested and 
cryopreserved. 
 
4.2.4 Cyclic AMP accumulation in cells: 
 Cyclic AMP accumulation was measured as previously described (Brust et al., 
2015a). Briefly, cryopreserved cells were thawed, resuspended in optiMEM (Life 
Technologies, Grand Island, NY), and plated in white, flat bottom, low-volume, tissue 
culture-treated 384 well plates (PerkinElmer, Shelton, CT). Plates with cells were 
incubated in a 37°C humidified incubator for 1 h. Inhibitors were added and plates were 
incubated at room temperature for 30 min followed by the addition of AC stimulants in 
the presence of 500 µM IBMX. Cells were incubated at room temperature for 1 h and 
cAMP accumulation was measured using Cisbio’s dynamic 2 kit (Cisbio Bioassays, 
Bedford, MA) according to the manufacturer’s instructions. Additional assays measured 
cAMP accumulation using the HitHunter® cAMP Assay Platform from DiscoveRx 
(Freemont, CA) according to the manufacturer’s instructions. Luminescence (HitHunter® 
cAMP Assay) and fluorescence (Cisbio’s dynamic 2 kit) counts were measured using a 




4.2.5 Drug screening: 
 Cryopreserved HEK-AC1 cells were thawed, washed, resuspended in optiMEM 
and plated into white, flat bottom, tissue culture-treated 384 well plates (PerkinElmer, 
Shelton, CT) at 15 µl/well using a MultiFlo dispenser (BioTek, Winooski, VT). Cells 
were incubated in a 37°C humidified incubator for 1 h. Next, test compounds from the 
NDL-3000 Natural Derivatives library (TimTec, Newark, DE) were added (70 nl/well) 
using a MultiPette-mounted 384 well pin tool and incubated at room temperature for 30 
min. Following the incubation with test compounds, 5 µl/well of 3 µM A23187 in the 
presence of 30 nM forskolin and 500 µM IBMX (final concentrations) was added to the 
cells using a MultiFlo dispenser. Cells were incubated at room temperature for 1 h and 
cAMP accumulation was measured as described above using a MultiFlo dispenser to 
sequentially add 10 µl/well of cAMP-d2 and anti-cAMP cryptate conjugate working 
solutions (Cisbio Bioassays, Bedford, MA) to the cells. Test compounds were screened in 
singlet and a Z’ factor of 0.55 ± 0.22 (n = 10) was obtained using 30 µM W400 as a 
positive control (Conley et al., 2013; Zhang, 1999). 
 
4.2.6 Cell viability assays: 
 Cell viability assays were conducted with HEK-AC1 cells following plating and 
drug incubation protocols identical to the procedures described above in “Cyclic AMP 
assays in cells”. Cell viability was measured as a percentage of vehicle using 2% Triton 
X-100 (Sigma-Aldrich, St. Louis, MO) as a control. The CellTiter-Glo® Luminescent 
Cell Viability Assay kit from Promega (Madison, WI) was employed to assess cell 
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viability according to the manufacturer’s instructions. Luminescence counts were 
measured using a Synergy 4. 
 
4.2.7 Cyclic AMP accumulation in cellular membranes: 
 Cellular membranes from HEK-AC1 cells were isolated and frozen as previously 
described in the presence of 1 mM EGTA (Brust et al., 2015a). On the assay day 
membranes were thawed on ice and resuspended in membrane buffer (33 mM HEPES, 
0.1% TWEEN 20, 1 mM EGTA, pH 7.4). Protein concentration was measured using the 
Pierce BCA Protein Assay kit (Thermo Scientific, West Palm Beach – FL) and 2.0 – 3.5 
µg/well was plated in a white, flat bottom, tissue culture-treated 384 well plate. Inhibitors 
(diluted in a 33 mM HEPES, 0.1% TWEEN 20 solution) were added and incubated for 
20 min at room temperature. Next, 3 µM calmodulin or 30 µM forskolin (final 
concentrations) was added in stimulation buffer (33 mM HEPES, 0.1% TWEEN 20, 1.5 
mM MgCl2, 250 µM ATP, 1 µM GppNHp, 500 µM IBMX, and 500 µM CaCl2 – 10 µM 
free Ca2+) and incubated at room temperature for 45 min. Cyclic AMP accumulation was 
measured using Cisbio’s dynamic 2 kit according to the manufacturer’s instructions. 
 
4.2.8 β-arrestin recruitment assay: 
 Recruitment of β-arrestin 2 to the MOR was measured as previously described 
(Brust et al., 2015a). Briefly, CHO-MOR cells were plated in white, flat bottom, low-
volume, tissue culture-treated 384 well plates. Plates with cells were incubated in a 37°C 
humidified incubator overnight. Following the incubation, AC1 inhibitors or vehicle was 
added to the cells, which were incubated at room temperature for 30 min. Next, DAMGO 
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or vehicle was added to cells, which were then incubated in a 37°C humidified incubator 
for 1.5 h. β-arrestin 2 recruitment to the MOR was assessed using the PathHunter® assay 
(DiscoveRx, Freemont, CA) according to the manufacturer’s instructions. Luminescence 
counts were measured using a Synergy 4. 
 
4.2.9 Heterologous sensitization assays: 
Heterologous sensitization assays were conducted as previously described (Brust 
et al., 2015b). Briefly, HEK-AC1/MOR cells were thawed and plated in white, flat 
bottom, tissue culture-treated 384 well plates. Plates with cells were incubated in a 37°C 
humidified incubator for 1 h. For inhibition of the development of sensitization, inhibitors 
were added and plates were incubated at room temperature for 30 min, followed by 
addition of DAMGO and incubation at 37°C for 2 h (to achieve sensitization). For the 
assays to measure inhibition of the expression of sensitization the order of previous steps 
was inverted. Next, cells were treated with 3 µM A23187 in the presence of 500 µM 
IBMX and 1 µM naloxone (final concentrations) and incubated at room temperature for 1 
h. Cyclic AMP accumulation was measured using Cisbio’s dynamic 2 kit according to the 
manufacturer’s instructions. 
 
4.2.10 Animals and housing: 
Wild-type C57BL/6 mice, were obtained from Taconic (Cambridge City, IN). 
Male mice age 5 weeks (18-23gr) were grouped housed in single grommet ventilated 
plexiglass cages at ambient temperature (21ºC) in a room maintained on a reversed 
12L:12D cycle (lights off at 10:00, lights on at 22:00) in our animal facility that has 
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Association for Assessment and Accreditation of Laboratory Animal Care approval. Food 
and water was provided ad libitum. The mice were given ~7 days to acclimatize to the 
housing conditions and reverse light cycle before the start of the experiments. Mice were 
then habituated to the containment boxes for the Von Frey assay. All animal procedures 
were pre-approved by our Institutional Animal Care and Use Committee and were in 
accordance with National Institutes of Health Guide for the Care and Use of Laboratory 
Animals. Mice were not deprived of food or water at any time. 
 
4.2.11 Assays with hippocampal homogenates: 
 C57BL/6 mice (13 weeks old) were decapitated, their brains were quickly 
removed, and 2-mm slices encompassing the hippocampus were collected on ice. The 
hippocampal region was dissected and immediately frozen in a -80°C freezer, where they 
were stored until the assay day. Dissected hippocampal tissue was thawed on ice, 
weighted, and homogenized in membrane buffer (2 ml/mg – wet weight) with ten manual 
strokes using a Wheaton-Teflon glass homogenizer. Homogenates were added to a white, 
flat bottom, tissue culture-treated 384 well plate and inhibitors (diluted in a 33 mM 
HEPES, 0.1% TWEEN 20 solution) were added and incubated for 20 min at room 
temperature. Next, 3 µM calmodulin (final concentration) was added in stimulation 
buffer and incubated at room temperature for 45 min. Cyclic AMP accumulation was 






4.2.12 Inflammatory pain behavioral assays: 
 C57BL/6 mice were placed in suspended rectangular plastic chambers on a wire 
mesh grid to habituate for 1 h. Next, a baseline measurement of mechanical sensitivity to 
Von Frey filaments was performed as previously described (Corder et al., 2013; van Rijn 
et al., 2012). Immediately after baseline measurements, the mice were injected with 
Complete Freund's adjuvant (CFA – 10 µl, non-diluted) into the intraplantar surface of 
the left hindpaw to induce inflammation (Corder et al., 2013). On the following day, 
inflammatory hypersensitivity was measured using Von Frey filaments. Next, drugs were 
injected intrathecally as previously described (van Rijn et al., 2012). Drug-induced 
analgesia was measured 10 min after intrathecal injections using Von Frey filaments. 




4.3.1 Screening of the NDL-3000 Natural Derivatives library: 
 Studies with AC-knockout mice have suggested that AC1 inhibitors may be 
useful for treating neuropathic and inflammatory pain as well as opioid dependence (Li et 
al., 2006; Vadakkan et al., 2006; Zachariou et al., 2008). To date there is only one small 
molecule inhibitor of AC1 activity (NB001) reported in the literature that appears to be 
selective in comparison to other AC isoforms (Wang et al., 2011). However, there is 
evidence that NB001 is not a direct AC1 inhibitor and may act through a distinct 
mechanism to inhibit AC1 activity in cells (Brand et al., 2013). Therefore, the initial 
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objective of this work was to develop a screening platform that would allow the 
identification of novel small molecule inhibitors of AC1. 
The first step taken toward that goal was to find a robust inhibitor of AC1 activity 
that would be used as a positive control in our screen. A previous study from our group 
identified small molecule inhibitors of AC2 through drug library screening (Conley et al., 
2013). In follow-up assays with compounds identified by that study a ligand (6264) was 
found that inhibited calcium-stimulated AC1 activity (Conley and Watts, unpublished 
observations). The chemical structure of 6264 (figure 4.1) was used to conduct a small 
SAR study with commercially available compounds, which ultimately led to the 
identification of W400 as a robust AC1 inhibitor (figure 4.1). The use of W400 allowed 
for a signal window that was amenable for screening purposes (nearly 20-fold against a 
combination of 3 µM A23187 + 30 nM forskolin in HEK-AC1 cells) and, therefore, was 





Figure 4.1 Chemical structures of AC1 inhibitors. 
 
The robustness of our screening platform was assessed by conducting a Z’ factor 
analysis using 3 µM A23187 + 30 nM forskolin as the maximal response and 30 µM 
W400 (in the presence of 3 µM A23187 + 30 nM forskolin) as the minimum response 
(Zhang, 1999). Our screening resulted in a Z’ factor equal to 0.55 ± 0.02 (n = 10), 
confirming that our platform was amenable to drug library screening (National Institutes 




The NDL-3000 Natural Derivatives library (TimTec), which is composed of 3040 
natural/natural derivative compounds with diverse chemical structures, was employed in 
our screen. That forskolin (which is likely the most widely used compound that interacts 
with ACs) is a natural compound (Seamon and Daly, 1981), suggests that the NDL-3000 
Natural Derivatives library was a suitable choice for our screening efforts. The library 
was screened (3.5 mg/l) for compounds that inhibit 3 µM A23187 + 30 nM forskolin-
stimulated cAMP accumulation in HEK-AC1 cells. The screen identified 35 hit 
compounds (1.15%) that inhibited AC1’s response with 80% or more of W400’s 
response. 
 
4.3.2 Confirmation of inhibitory activity: 
 A subset of the hit compounds was tested in subsequent assays to confirm that the 
inhibitors were truly AC1 inhibitors and to determine their potency at inhibiting AC1. 
One of the first steps of theses follow-up assays was to determine if the inhibitors tested 
were toxic to the cells. For that purpose the CellTiter-Glo® Luminescent Cell Viability 
Assay kit was employed to measure cell viability (table 1). Compounds that resulted in 






Table 4.1 – Inhibition of A23187-stimulated AC1 activity and cell toxicity of hit compounds. Compounds were tested for 
inhibition of 3 µM A23187-stimulated cAMP accumulation in HEK-AC1 cells. In the table IC50 values with 95% confidence 
intervals and percent inhibition (with 100% being equal to the basal cAMP levels) with S.E.M. are reported. We also report the 
cell toxicity results as a percentage of the vehicle treated cells. The data in the table represent the average of at least three 
independent experiments conducted in duplicate. 
 
  
Cisbio cAMP Dynamic 2 kit 
 




IC50 - µM 
(95% C.I.) 
% inhibition 
(SEM)   
IC50 - µM 
(95% C.I.) 
% inhibition 





1.1 (0.8 - 1.7) 105 (±5) 
 





2.8 (1.5 - 5.1) 101 (±9) 
 





0.6 (0.4 - 1.1) 108 (±6) 
 





0.4 (0.2 - 0.5) 117 (±10) 
 





0.8 (0.5 - 1.1) 114 (±5) 
 
0.8 (0.4 - 1.9) 103 (±11) 
 
82 (±9) 




Dose-response curves were then conducted to determine their IC50 values for 
inhibiting A23187-stimulated cAMP accumulation in HEK-AC1 cells. A23187 is a 
calcium ionophore and was chosen for these assays because it selectively activates the 
overexpressed AC1 in this cellular system (Conley et al., 2013). Two different methods 
of measuring cAMP accumulation were employed and resulted in overlapping results 
(table 1). The potency of the compounds discovered in the screen for inhibition of 
calcium-stimulated AC1 activity ranged from high nM to low µM IC50 values (figure 2a, 
table 1). These data indicate that these compounds are the most potent inhibitors of AC1 
reported to date. 
 
Figure 4.2 Dose-response curves of compounds for inhibition of cAMP production in 
HEK cells stably expressing AC1 or AC8. A. Inhibition of 3 M A23187-stimulated 
cAMP accumulation in HEK-AC1 cells. 6264 was used as a control. B. Inhibition of 3 
M A23187-stimulated cAMP accumulation in HEK-AC8 cells. 6264 was used as a 
control. All data shown represent the average and S.E.M. of at least three independent 
experiments conducted in duplicate. 
 
4.3.3 Selectivity of hit compounds against additional AC isoforms 
 The selectivity profile of the hit compounds was initially determined by testing 
the activity of these compounds against AC8. AC8 is another calcium-stimulated AC, and 
studies with double-knockout mice lacking both AC1 and AC8 suggest that non-selective 
inhibition of these AC isoforms can result in significant memory impairments (Ferguson 



































































and Storm, 2004; Wang et al., 2011; Wong et al., 1999). HEK cells stably expressing 
AC8 were also stimulated with A23187, and 6264 was used as a control in these studies, 
since the compound also inhibited A23187-stimulated AC8 activity. Most compounds 
tested were partial inhibitors of AC8 activity, however, W001 and W002 did not result in 
any significant inhibition of AC8 at the doses tested in our cellular model (figure 4.2b). 
Additional insight on the selectivity profile of W001 (the most potent selective 
AC1 inhibitor) and W004 (the most potent non-selective AC1/AC8 inhibitor) was 
achieved by employing HEK cells transiently transfected with each of eight different 
isoforms of membrane-bound ACs (figure 4.3a). Stimulation of the AC-transfected cells 
caused a marked increase in cAMP accumulation when compared to the same stimulation 
paradigms in the venus-transfected control cells (figure 4.3b). As shown in figure 4.3a, 
W001 appears to be selective for inhibition of AC1 in comparison to the other AC 
isoforms tested. It was also observed that W001 caused a potentiation of the PMA-
stimulated cAMP production in HEK-AC2 cells, a phenomenon that was also observed 
for 6264 (Conley and Watts, unpublished observations). W004 inhibited all ACs, except 






Figure 4.3 Inhibition of AC isoforms by W001, W004, and NKY80 in transiently 
transfected HEK cells. A. Inhibition of cAMP accumulation in HEK transiently 
transfected with venus control plasmid or AC isoforms. Venus- and AC3-transfected cells 
were stimulated with 30 µM forskolin; AC1- and AC8-transfected cells were stimulated 
with 3 µM A23187; AC2-transfected cells were stimulated with 1 µM PMA; AC4-
trasfected cells were stimulated with 10 µM isoproterenol; AC5- and AC6-transfected 
cells were stimulated with 1 µM forskolin; AC9-transfected cells were stimulated with 
100 nM isoproterenol in the presence of transfected Gαs. NKY80 was used as a control. 
B. Stimulation of the transfected cells with the above mentioned drugs caused a marked 
increase in cAMP accumulation when compared to the same stimulation in the venus 
transfected control cells. All data shown represent the average and S.E.M. of at least three 
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4.3.4 Inhibition of forskolin- and Gαs-stimulated AC1 activity: 
 After determining the IC50 values of the compounds for inhibiting AC1 activity 
and the selectivity profile against the other AC isoforms, W001 was tested in additional 
assays employing different stimulation paradigms. The assays conducted included 
inhibition of AC1 activation by forskolin and Gαs-coupled receptors. To induce 
stimulation of AC1 through Gαs-coupled receptors, the β-adrenergic receptors that are 
endogenously expressed in HEK cells were activated with isoproterenol. W001 
significantly inhibited both the forskolin- and the isoproterenol-stimulated AC1 activity 
(figure 4.4). In contrast, W001 had no effects in the wild type cells (figure 4.4). 
 
!  
Figure 4.4 Inhibition of forskolin- and Gα s-stimulated AC1 activity by W001. HEK-
AC1 and HEK wild-type cells were treated with 30 µM W001 and stimulated with 300 
nM forskolin or 10 µM isoproterenol (Gαs-coupled β-adrenergic receptors). All data 
shown represent the average and S.E.M. of at least three independent experiments 
conducted in duplicate. One-way analysis of variance (ANOVA) with Dunnett’s test was 
















































4.3.5 Inhibition of AC1 in in vitro assays and hippocampal homogenates: 
 The mechanism of action through which NB001 inhibits AC1 activity in cells has 
been questioned because the compound failed to inhibit AC1 activity in in vitro assays 
with cellular membranes that express AC1 (Brand et al., 2013). Therefore, in vitro assays 
for AC1 inhibition were carried out using cellular membranes isolated from HEK cells 
stably expressing AC1. AC1 activity in membranes was stimulated using purified 
calmodulin or forskolin; and NKY80 was used as a control (Brand et al., 2013; Conley et 
al., 2013). As shown in figure 4.5a, W001 significantly inhibited both the calmodulin- 
and the forskolin-stimulated AC1 activity in the membranes. 
 The activity of W001 was further examined in a more physiologically relevant 
model. Hippocampal homogenates prepared from C57BL/6 mice were stimulated with 
purified calmodulin in the presence of 10 µM free Ca2+. Ca2+/calmodulin treatments 
caused a significant increase in cAMP accumulation in these neuronal homogenates, 
supporting the expression of calcium-stimulated ACs. Notably, treatment with W001 
caused a significant inhibition of the Ca2+/calmodulin-stimulated cAMP accumulation in 
the hippocampal homogenates (figure 4.5b). That the hippocampus expresses both AC1 
and AC8 (as well as additional AC isoforms) at high levels (Ferguson and Storm, 2004; 
Sadana and Dessauer, 2009), presumably explains the modest (but still significant) 
inhibition of Ca2+/calmodulin-stimulated cAMP accumulation by W001 in comparison to 





Figure 4.5: Inhibition of AC1 activity in cellular membranes and in hippocampal 
homogenates. a) Cellular membranes from HEK-AC1 cells were isolated and cAMP 
accumulation was stimulated with either 30 µM forskolin or 3 µM calmodulin in the 
presence of 10 µM free Ca2+. b) Mouse hippocampal homogenates were stimulated with 
3 µM calmodulin in the presence of 10 µM free Ca2+. All data shown represent the 
average and S.E.M. of at least three independent experiments conducted in duplicate or 
triplicate. One-way ANOVA with Dunnett’s test was carried out for statistical analyses. 





4.3.6 Effects of W001 on MOR signaling: 
 Agonists of the MOR have been used for their analgesic properties for thousands 
of years. Nowadays, there are numerous MOR agonists that are clinically approved for 
alleviating pain (Evans, 2004; Waldhoer et al., 2004; Williams et al., 2013). MOR 
agonists are very effective at relieving pain, however, a number of side effects are also 
associated with these ligands, including sedation, respiratory depression, nausea and 
vomiting, and constipation (DeWire et al., 2013; Evans, 2004; Raehal et al., 2011). In 
addition, the use of these drugs is limited by the onset of analgesic tolerance and physical 
dependence (DeWire et al., 2013; Evans, 2004; Raehal et al., 2011). 






































































The MOR is a GPCR that couples to inhibitory G proteins (Gαi/o) to inhibit ACs, 
moreover, the receptor also couples to β-arrestins, which can lead to additional signaling 
or cause receptor desensitization (Raehal et al., 2011). Several studies suggest that 
activation of G proteins by the MOR is associated with analgesia, while recruitment of β-
arrestins to the receptor is linked to the side effects of opioids (Bohn et al., 2004; Bohn et 
al., 2000; Bohn et al., 1999; DeWire et al., 2013; Raehal et al., 2005; Violin et al., 2014). 
Even though it is generally thought that MOR activation of Gβγ is responsible for opioid 
analgesia, the requirement of cAMP for neuronal adaptations linked to chronic pain (i.e. 
LTP) suggests that inhibition of the ACs co-expressed with the MOR may lead to new 
drugs to treat chronic pain that lack the side effects commonly associated with opioids. 
The MOR and AC1 are co-expressed in areas of the central nervous system that 
are linked to pain and nociception (i.e. dorsal horn of the spinal cord and ACC) (Corder 
et al., 2013; Jones et al., 1991; Mansour et al., 1995; Mansour et al., 1988; Wei et al., 
2006; Xu et al., 2008; Zhuo, 2012). Thus, the effects of the selective AC1 inhibitor 
(W001) on both acute and chronic MOR signaling were investigated. Our results suggest 
that W001 has an additive effect on MOR-mediated inhibition of AC1 (figure 4.6a). In 





Figure 4.6 Effects of W001 on acute MOR signaling. A. Inhibition of A23187-
stimulated cAMP accumulation in HEK-AC1/MOR cells. Both W001 (W) and DAMGO 
(D) inhibit cAMP accumulation. When combined, W001 and DAMGO cause an added 
response that reflects the sum of the individual inhibition of those two compounds. B. 
W001 has no effects on the recruitment of β-arrestin 2 to the MOR. W001 caused no 
changes in basal or DAMGO-stimulated β-arrestin 2 recruitment to the MOR. The data 
shown represent the average and S.E.M. of at least three independent experiments 
conducted in duplicate. One-way ANOVA with Dunnett’s test was carried out for 
statistical analyses. *p<0.05, ***p<0.001 compared to respective D+W column. 
 
 
Chronic activation of the MOR leads to a cellular adaptive response termed 
heterologous sensitization (Bohn et al., 2000; Clark et al., 2004; Watts and Neve, 2005). 
Heterologous sensitization is characterized by a robust enhancement in the activity of 
ACs (figure 4.7a) (Watts and Neve, 2005). This phenomenon has long been linked to 
opioid dependence (Bohn et al., 2000; Corder et al., 2013; Sharma et al., 1975; Watts and 
Neve, 2005). The effects of W001 on MOR-mediated sensitization of AC1 were 
examined in two different paradigms. One in which W001 was added before activation of 
the MOR (i.e. development of heterologous sensitization) and another that W001 was 
added after activation of the MOR (i.e. expression of heterologous sensitization). 
Notably, W001 dose-dependently inhibited both the development and the expression of 
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Figure 4.7 Effects of W001 on chronic MOR signaling. a) Heterologous sensitization 
of AC1 by the MOR was achieved by pre-treating the cells with 1 µM DAMGO for 2 h. 
b) The effect of W001 on the development of DAMGO-stimulated heterologous 
sensitization of AC1 was examined by treating the cells with W001 before DAMGO 
sensitization. The effect of W001 on the expression of DAMGO-stimulated heterologous 
sensitization of AC1 was examined by treating the cells with W001 after DAMGO-
induced sensitization. The data shown represent the average and S.E.M. of at least three 
independent experiments conducted in duplicate. 
 
 
4.3.7 Analgesic properties of W001 in mice: 
 In order to determine if AC1 inhibition by W001 has analgesic properties, an 
inflammatory pain mouse model was employed. As shown in figure 4.8a, intraplantar 
injection of CFA to the hind paw of C57BL/6 mice induced inflammation and 
hypersensitivity to Von Frey filaments. Notably, intrathecal injections with W001 at 
doses as low as 0.25 µg caused a significant relief of CFA-induced inflammatory pain 
(figure 4.8). Limited dose-response experiments were also conducted and revealed an 




































































































Figure 4.8 Analgesic properties of W001 in mice. A. On day 0, baseline (BL) 
measurements of mechanical sensitivity of C57BL/6 mice to Von Frey filaments were 
taken and inflammatory hypersensitivity was induced by injection of CFA to the 
hindpaw. On day 1, inflammatory hypersensitivity was measured and intrathecal 
injections with W001 (0.5 µg – n=6) or DAMGO (50 µg – n=6), but not saline (n=10) 
caused a significant relief of CFA-induced inflammatory pain 10 min after injections. B. 
Dose-response experiments with W001 (n=6 for each condition) revealed an estimated 
EC50 value for analgesia equal to 0.27 µg (95% CI = 0.12 – 0.40 – n = 6). One-way 
ANOVA with Tukey’s test was carried out for statistical analyses. *p<0.05, **p<0.01, 
***p<0.001 all compared to the CFA-induced inflammatory hypersensitivity. 





Through the use of knockout animals, previous studies have indicated that 
inhibitors of AC1 may be useful to treat chronic pain as well as opioid dependence (Li et 
al., 2006; Vadakkan et al., 2006; Zachariou et al., 2008). However, there is only one 
compound that inhibits AC1 activity with some selectivity (NB001) (Wang et al., 2011). 
Moreover, it has been suggested that NB001 is not a direct inhibitor of AC1 (Brand et al., 
2013). Therefore, in the present study a drug library screen was carried out to identify 
novel AC1 inhibitors. Our efforts resulted in the discovery of the most potent selective 
AC1 inhibitor described to date (W001 – IC50 = 1.1 µM, 95% CI = 0.8 – 1.7 µM). 




















































Multiple types of models (i.e. HEK-AC1 and mouse hippocampal homogenates, as well 
as cellular membranes) and stimulation paradigms (i.e. A23187, calmodulin, forskolin, 
and Gαs-coupled receptor) were employed to confirm the activity of W001. We have 
further examined the effects of W001 on signaling through the MOR, as well as 
determined its ability to induce analgesia in a mouse inflammatory pain model. 
The different regulatory properties and expression patterns of the AC isoforms 
suggest that these proteins can become valuable drug targets. However, it has also been 
suggested that non-selective inhibition of ACs can lead to serious side effects. For 
instance, double knockout mice lacking both AC1 and AC8 present behaviors consistent 
with severe memory impairments (Wong et al., 1999). Therefore, one main requirement 
for the development of an AC1 inhibitor to treat chronic pain is that the compound must 
be selective for AC1 versus AC8. While NB001 displays nearly 10-fold selectivity for 
inhibition of AC1 versus AC8 (Wang et al., 2011), W001 did not display any inhibition 
of AC8 at doses up to 30 µM, indicating that the compound is more than 30-fold selective 
for inhibition of AC1 versus AC8. Further, W001 did not cause inhibition of AC2, AC3, 
AC4, AC5, AC6, or AC9. 
Even though NB001 inhibited AC1 activity in cell models; it was shown that the 
compound did not inhibit AC1 in in vitro assays that were carried out with cellular 
membranes (Brand et al., 2013; Wang et al., 2011). Those studies indicated that NB001 is 
not a direct AC1 inhibitor and may act through a distinct mechanism to inhibit AC1 
activity in intact cells (Brand et al., 2013). In order to obtain mechanistic insight on the 
mode of action of W001, in vitro assays were carried out using cellular membranes from 
HEK cells stably expressing AC1. In contrast to what was previously shown for NB001, 
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W001 significantly inhibited both forskolin- and calmodulin-stimulated AC1 activity in 
those assays. These results suggest that W001 likely acts through a mechanism that 
involves membrane components to inhibit AC1 activity, which is consistent with a direct 
interaction of W001 with AC1. 
AC1 is co-expressed with the MOR in the dorsal horn of the spinal cord and in the 
ACC (Corder et al., 2013; Jones et al., 1991; Mansour et al., 1995; Mansour et al., 1988; 
Wei et al., 2006; Xu et al., 2008; Zhuo, 2012). Similar to numerous GPCRs, there are 
several different signaling pathways activated by the MOR (Raehal et al., 2011; Violin et 
al., 2014). The MOR couples to Gαi/o to inhibit ACs and can also lead to signaling events 
through Gβγ subunits as well as β-arrestins (Luscher and Slesinger, 2010; Raehal et al., 
2011; Williams et al., 2013). A relatively recent field of research entitled GPCR 
functional selectivity, or ligand bias, studies ligands that can selectively activate specific 
signaling pathways downstream of a GPCR (Brust et al., 2015a; Urban et al., 2007a; 
Whalen et al., 2011). Notably, several studies have suggested that activation of G 
proteins by the MOR is linked to the therapeutic analgesia of opioids while activation of 
β-arrestins is associated with most of the undesired side effects of these drugs (i.e. 
tolerance, constipation, and respiratory depression) (Bohn et al., 2004; Bohn et al., 2000; 
Bohn et al., 1999; Raehal et al., 2005). Accordingly, a ligand (TRV130 – now undergoing 
clinical trials) that selectively activates G protein signaling over β-arrestin recruitment to 
the MOR displayed enhanced analgesia with a robust reduction in the opioid-associated 
side effects in comparison to morphine (DeWire et al., 2013; Soergel et al., 2014). Here 
we have hypothesized that a type of functional selectivity could be achieved by directly 
targeting proteins downstream of the MOR (i.e. by directly inhibiting AC1 only the 
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outcome of Gαi/o activation will be observed). As expected, W001 and DAMGO 
displayed additive effects for inhibition of AC1 when combined. Moreover, W001 had no 
significant effects on β-arrestin recruitment to the MOR. These data suggest that W001 
mimics the effects of Gαi/o activation by the MOR. 
It has been previously suggested that part of the MOR-induced analgesia occurs 
through a mechanism that involves Gβγ-mediated activation of GIRK (G protein-coupled 
inwardly-rectifying potassium) channels (Luscher and Slesinger, 2010). Activation of 
GIRK channels by the MOR causes hyperpolarization of neurons leading to a reduction 
of pain perception (Luscher and Slesinger, 2010). However, knockout of GIRK channel 
isoforms in mice causes only a reduction in the potency of opioid-induced analgesia, with 
no change in the efficacy (Cruz et al., 2008; Mitrovic et al., 2003). Even though this may 
be because other isoforms of GIRK channels are still expressed in those mice, it also 
indicates that there may be additional mechanisms involved in MOR-mediated analgesia. 
For instance, AC1 is also inhibited by Gβγ subunits (Cooper and Crossthwaite, 2006); in 
addition, the development of chronic pain shares some cellular mechanistic features with 
memory formation and maintenance, that is, strengthening of synapses through LTP 
(Ferguson and Storm, 2004; Zhuo, 2012). It was previously shown that inhibition of AC1 
activity blocks the induction of LTP in neurons from the dorsal horn of the spinal cord 
and ACC, but not from the hippocampus (Wang et al., 2011). Notably, inhibition of AC1 
activity with NB001 had no effects in a mouse model of contextual fear memory, which 
is consistent with the absence of LTP inhibition in the hippocampus (Wang et al., 2012). 
In thalamocortical synapses AC1-stimulated protein kinase A (PKA) activity is required 
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for trafficking of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
receptors to synapses and, therefore, also to the development of synaptic plastic changes, 
such as LTP and LTD (long-term depression) (Lu et al., 2003). The inhibition of AC1 
likely causes a reduction in PKA-phosphorylated AMPA receptors that disrupts LTP in 
the spinal cord and ACC, resulting in a reduction of chronic pain.  
Activation of G proteins by the MOR is also linked to opioid dependence (Bohn 
et al., 2000; Corder et al., 2013; Watts and Neve, 2005). Chronic activation of the MOR 
leads to a cellular adaptive response termed heterologous sensitization (Watts and Neve, 
2005). Heterologous sensitization has long been linked to opioid dependence and is 
characterized by a marked increase in AC activity (Bohn et al., 2000; Sharma et al., 1975; 
Watts and Neve, 2005). Notably, it has been shown that in AC1 knockout mice the 
behaviors associated with morphine dependence are largely inhibited (Li et al., 2006; 
Zachariou et al., 2008). That W001 inhibited both the development and the expression of 
MOR-mediated heterologous sensitization of AC1, suggests that AC1 inhibitors can 
suppress the cellular outcomes of chronic activation of the MOR, and may be useful to 
prevent or treat opioid dependence. Perhaps a combination of an AC1 inhibitor with a G 
protein biased ligand for the MOR will lead to enhanced analgesia in the absence of both 
acute and chronic opioid side effects. 
The activity of W001 was also measured in more physiologically relevant 
contexts. First, mouse hippocampal homogenates were employed and W001 caused a 
significant inhibition of the Ca2+/calmodulin-stimulated cAMP accumulation. The 
significance of these results is that they strongly support the capability of W001 
inhibiting endogenous AC1 in a neuronal population. The final measure of W001 activity 
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was an in vivo assay that was carried out in order to determine the ability of the 
compound to inhibit chronic pain. A mouse inflammatory pain model was employed, in 
which intraplantar injection of CFA to the mouse’s hindpaw induced an intense 
inflammatory reaction. Remarkably, following induction of inflammation, intrathecal 
injections of W001 at doses as low as 0.25 µg induced significant relief of CFA-mediated 
inflammatory pain. These results demonstrate that W001 is a potent analgesic agent and 
also illustrate that inhibitors of AC1 can be useful for treating chronic pain. The studies 
conducted herein corroborate the utility of ACs as potential drug targets. Further, we 
have identified the most potent and selective small molecule AC1 inhibitor reported to 















CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 
 
 That nearly 36% of all FDA-approved drugs directly target GPCRs (Overington et 
al., 2006; Rask-Andersen et al., 2011) illustrates the remarkable relevance of this family 
of proteins for drug discovery and development. The appreciation that GPCRs can 
activate multiple signaling pathways took GPCR drug discovery to a new level. A recent 
burst of research focused on finding ligands that can selectively activate one signaling 
pathway over another downstream of the same GPCR. These considerable efforts rely on 
(1) the fact that GPCRs are such a relevant drug target and (2) the hypothesis that 
functional selectivity can lead to safer and more effective drugs. TRV130, for example, 
binds to the µ-opioid receptor and represents the first rationally designed biased ligand to 
reach clinical trials (DeWire et al., 2013; Soergel et al., 2014). It is expected that TRV130 
will have enhanced analgesia with reduced tolerance, constipation, and respiratory 
depression in comparison to morphine (Violin et al., 2014). 
 We have shown in chapter 2 that perhaps there are already drugs in the market 
that display functional selectivity. As suggested by our studies, aripiprazole (a drug 
clinically used to treat schizophrenia) is a partial agonist for most signaling pathways 
downstream of the dopamine D2 receptor, but appears to be an antagonist for Gβγ 
activation. This unique mechanism of action of aripiprazole may explain the drug’s 
improved clinical profile in comparison to the other classes of antipsychotic drugs, which 
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are antagonists of all dopamine D2 receptor-mediated signaling events. Gβγ subunits 
activate GIRK channels (Luscher and Slesinger, 2010); therefore, inhibition of Gβγ 
subunits at striatal medium spiny neurons (MSNs) belonging to the indirect pathway 
would facilitate LTP (Luscher and Slesinger, 2010; Morrison and Murray, 2009). Drugs 
that promote LTD (or block LTP) in this specific population of neurons have pro-
psychotic properties, while drugs that promote or facilitate LTP display antipsychotic 
effects (Morrison and Murray, 2009). That aripiprazole still retains partial agonist activity 
at the remaining signaling pathways downstream of the dopamine D2 receptor, suggests 
that its off-target effects would be milder compared to drugs that antagonize all signaling 
pathways. Recent studies indicate that partial agonism of β-arrestin and inhibition of Gαi/o 
through the dopamine D2 receptor may result in antipsychotic activity with reduced 
extrapyramidal symptoms (Allen et al., 2011; Chen et al., 2012). Unfortunately, the 
effects of those compounds at Gβγ signaling effectors (e.g. AC2 or GIRK) were not 
investigated. It would be of interest to determine the activity of such ligands at Gβγ-
dependent pathways and also to examine the contribution of inhibition of Gαi/o versus 
Gβγ signaling for antipsychotic activity. 
 Gβγ subunits can lead to multiple signaling outcomes, including potentiation of 
adenylyl cyclase activity and activation of ion channels (Khan et al., 2013; Lin and 
Smrcka, 2011). However, most of the research on dopamine D2 receptor-targeting 
antipsychotic drugs has focused on Gαi/o or β-arrestin activation by the receptor. For 
instance, analogs of aripiprazole were recently developed in an attempt to find ligands 
that would display functional selectivity between Gαi/o and β-arrestin through the 
dopamine D2 receptor (Chen et al., 2012). The ligands developed displayed diverse 
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signaling profiles for those two signaling pathways, and included ligands that displayed 
functional selectivity (Chen et al., 2012). One interesting and feasible approach to study 
the roles of Gβγ subunits in antipsychotic activity would be to further characterize those 
analogs of aripiprazole. In that study 44 aripiprazole analogs were developed that 
presented diverse signaling profiles in assays measuring Gαi/o activation and β-arrestin 
recruitment to the dopamine D2 receptor (Chen et al., 2012). Those compounds could be 
further investigated for their abilities to induce Gβγ-dependent signaling. This approach 
would likely identify the chemical moieties in aripiprazole that are linked to Gβγ 
antagonism, and also has the potential of revealing compounds that have different levels 
of bias against Gβγ signaling. The use of these compounds in animal models of 
schizophrenia (see Allen et al. 2011 and Chen et al. 2012) may aid in determining the role 
of Gβγ subunits in this mental disorder. 
 Another recent study used quantitative functional selectivity analyses to find 
ligands that would display bias for Gαi/o activation in comparison to ERK 
phosphorylation (Shonberg et al., 2013). That study developed a number of compounds 
based on the structure of tert-butyl (trans-4-(2-(3,4-dihydroisoquinolin-2(1H)-
yl)ethyl)cyclohexyl)carbamate, a potent dopamine D2 receptor partial agonist. Several 
studies suggest that ERK phosphorylation by the dopamine D2 receptor is a signaling 
outcome that is downstream of both Gαi/o and Gβγ subunits (Brust et al., 2015a; Oak et 
al., 2001; Quan et al., 2008). Therefore, the compounds developed in that study are 
expected to include ligands that display bias between G protein subunits. However, the 
pharmacological characterization of those compounds is incomplete and provides 
opportunities for additional studies. For instance, assays to measure Gβγ activation and β-
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arrestin recruitment could identify additional functionally selective compounds. 
Furthermore, following pharmacological profiling of those compounds, their 
physiological responses could be tested in mouse models of schizophrenia. It is 
hypothesized that compounds that antagonize Gβγ signaling will display antipsychotic 
activity (Brust et al., 2015b; Luscher and Slesinger, 2010; Morrison and Murray, 2009). 
These biased ligands may lead to antipsychotic drugs that, as aripiprazole, have lower 
tendencies of causing side effects, especially extrapyramidal symptoms. 
 The dopamine D2 receptor is also targeted in antiparkinsonian therapies. Agonists 
of the dopamine D2 receptor are used to alleviate the symptoms of Parkinson’s disease 
(Beaulieu and Gainetdinov, 2011). However, the utility of biased ligands for improved 
Parkinson’s disease therapies that target the dopamine D2 receptor has not yet been 
explored. Among the four compounds (i.e. bromocriptine, pramipexole, ropinirole, and 
rotigotine) analyzed in chapter 3 that are currently clinically used for treating Parkinson’s 
disease, rotigotine and bromocriptine appear to be biased for β-arrestin 2 recruitment in 
comparison to Gαi/ activation and bromocriptine was significantly biased for Gβγ 
activation in comparison to Gαi/o activation.  
It seems that the best connection of functional selectivity at dopamine D2 
receptors with improved Parkinson’s disease therapies comes form a study that showed 
that overexpression of GRK6 in primate and rodent models of Parkinson’s disease 
alleviates the dyskinesia caused by long-term L-DOPA treatment (Ahmed et al., 2010). 
Conversely, knockdown of GRK6 in rats caused an increase in dyskinesia (Ahmed et al., 
2010). These findings suggest that β-arrestin recruitment to the dopamine D2 receptor 
may be beneficial and alleviate one of the main side effects of long-term antiparkinsonian 
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therapies that target this receptor. Heterologous sensitization by the dopamine D2 receptor 
has also been linked to the side effects of long-term antiparkinsonian therapies, 
specifically the wearing off of their therapeutic actions (Fuxe et al., 2007). Therefore, it 
seems that a ligand that displays bias for β-arrestin recruitment especially in comparison 
to heterologous sensitization may lead to better therapies for the symptoms of 
Parkinson’s disease. 
 An active field of study in functional selectivity is on the methods for identifying 
biased ligands. Recently, several quantitative and qualitative methods were developed 
and employed to identify biased ligands (Kenakin and Christopoulos, 2013b). In chapter 
3 the most commonly used methods were studied and employed to identify biased ligands 
at the dopamine D2 receptor. We observed that the quantitative methods yielded similar 
results in our model. Most of the more dramatic differences were between the sigma 
comparison and the other two methods studied (i.e. equiactive comparison and 
transduction coefficient). These differences appear to be linked to the use of radioligand 
binding constants in the sigma comparison, which are not always reflective of the 
functional data and may result in sub-optimal fitting of the Black and Leff equation.  
We have also noticed that potency is the major defining factor in the quantitative 
bias analyses, while efficacy appears to have a minor role. However, studies with animal 
models to determine the contribution of potency and efficacy for the physiological effects 
of functionally selective compounds still remain to be conducted. It seems that currently 
the ideal GPCR to conduct those studies is the µ-opioid receptor. The physiological 
outcomes of G protein activation and β-arrestin recruitment to the µ-opioid receptor have 
been studied thoroughly in the last two decades (Bohn et al., 2004; Bohn et al., 2000; 
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Bohn et al., 1999; DeWire et al., 2013; Raehal et al., 2011; Raehal et al., 2005; Violin et 
al., 2014). It is now well established that activation of G proteins leads to analgesia while 
recruitment of β-arrestin to the receptor causes respiratory depression, constipation, and 
tolerance. Compounds that display changes in potency or efficacy in molecular assays 
can be employed in behavioral assays to determine the relative contribution of these 
pharmacological parameters for the physiological outcomes of pathway activation.  
Even though the above-mentioned studies may enlighten how the relative 
contribution of potency and efficacy should be weighted in the quantitative bias analyses, 
it is also possible that these factors will differ for different GPCRs and different target 
tissues. This becomes evident when receptor reserve is considered, which has been shown 
to change the relative efficacy of partial agonists (Watts et al., 1995). An interesting 
approach to overcome the effects of receptor reserve would be to employ primary tissue 
or stem cells in functional selectivity studies. These may be the most accurate models for 
estimating ligand bias, however, signal amplification and incubation time and 
temperature may still cause inconsistencies (Kenakin, 2014b; Kenakin et al., 2012; 
Pereira et al., 2014; Urban et al., 2007b). 
Another characteristic of the quantitative bias analyses is that compounds that are 
antagonists or inverse agonists cannot be analyzed. This feature automatically excludes a 
multitude of ligands from the bias analyses, including those that are termed “biased by 
definition” (i.e. compounds that are neutral antagonists for one signaling pathway and 
agonists for another) (Rajagopal et al., 2011). Therefore, methods that incorporate ligands 
that display antagonist or inverse agonist responses are desired. A method was recently 
developed based on the transduction coefficient to more accurately measure functional 
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selectivity of weak partial agonists (Stahl et al., 2015). This method uses the inhibitory 
partial antagonist curves to accurately determine the ligand’s KA (Stahl et al., 2015) and 
may represent the first step towards developing methods that are capable of analyzing 
data from antagonists and inverse agonists. Further exploring this method using 
antagonist curves in conjunction with Schild analyses may lead to quantitative bias 
analyses that can accommodate data from antagonists and inverse agonists (Stahl et al., 
2015). 
 The utility of bias analyses for providing mechanistic insight on the contribution 
of immediate receptor effectors for the activation of the more complex signaling 
pathways downstream of GPCRs was also examined. These studies suggested an 
additional utility for biased ligands and methods of quantitatively measuring functional 
selectivity. The hypothesis behind those studies was that if a ligand was biased for 
pathway A vs. pathway B, it would also be biased for a signaling pathway that depends 
on pathway A vs. pathway B. Our results support this hypothesis and suggest that the 
quantitative bias analyses can be employed to yield mechanistic insight on the activation 
of more complex signaling pathways downstream of GPCRs. 
 Targeting signaling components downstream of GPCRs may be an alternative 
approach to achieve functional selectivity. For instance, activation of Gαi/o-coupled 
receptors results in inhibition of adenylyl cyclases. Therefore, direct inhibition of 
adenylyl cyclases can potentially mimic the outcomes of Gαi/o activation. In chapter 4 we 
have shown that inhibition of AC1 with a small molecule mimics the cellular outcomes of 
Gαi/o activation by the µ-opioid receptor with no effects on the recruitment of β-arrestins 
to the receptor. These results support that the cellular actions of W001 (AC1 inhibitor) 
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simulate the effects of a biased ligand that would selectively activate Gαi/o downstream 
of the µ-opioid receptor. Furthermore, these studies suggested a new dimension in 
functional selectivity. We suggest that a compound that interacts with a downstream 
effector of a GPCR can be used alone to mimic functional selectivity or even in 
combination with unbiased or biased ligands to yield specific cellular and physiological 
outcomes. 
 Adenylyl cyclases are enzymes that are modulated by GPCRs. Moreover, due to 
their regulatory properties, adenylyl cyclase isoforms can also be modulated by ion 
channels and protein kinases (Cooper and Crossthwaite, 2006). The different regulatory 
properties and expression patterns of the adenylyl cyclase isoforms suggest that these 
proteins can become valuable drug targets. There are several studies employing knockout 
animals that suggest that inhibitors of AC1 may be useful to treat chronic pain as well as 
opioid dependence (Li et al., 2006; Vadakkan et al., 2006; Zachariou et al., 2008). 
However, it has also been suggested that non-selective inhibition of ACs can lead to 
serious side effects. For example, double knockout mice lacking both AC1 and AC8 
present behaviors consistent with memory impairments (Wong et al., 1999). In chapter 4 
a drug library screen was carried out to identify novel AC1 inhibitors. Our efforts 
resulted in the discovery of the most potent selective small molecule AC1 inhibitor 
described to date (W001 – IC50 = 1.1 µM, 95% CI = 0.8 – 1.7 µM). Further, W001 
displayed analgesic effects in a mouse model of inflammatory pain. These studies 
illustrate the relevance and potential of adenylyl cyclases as drug targets. 
 As shown in chapter 4, the drug screen conducted identified 35 compounds that 
inhibited AC1 activity with high efficacy. Follow-up assays with a subset of those hit 
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compounds indicated that while some compounds were selective for AC1, there were 
also compounds that inhibited adenylyl cyclase isoforms non-selectively. The chemical 
structures of the compounds identified were diverse and provide opportunities for 
medicinal chemistry studies. Chemical modifications on the core structure of the 
compounds identified may improve their potency and selectivity. These studies may 
identify the chemical groups of those compounds that are linked to adenylyl cyclase 
inhibition and also explore the chemical requirements for selective inhibition of different 
adenylyl cyclase isoforms.  
We have also explored a mouse model of inflammatory pain to demonstrate the 
potential of W001 as an analgesic drug. Future behavioral studies should focus on 
determining the possible side effects of W001. Because AC1 is highly expressed in the 
hippocampus, animal models that examine learning and memory would be ideal. Assays 
such as the conventional Morris water maze and the novel object recognition could aid in 
defining the effects that W001 on learning and memory. Further, contextual learning and 
passive avoidance tests may serve as platforms to determine the effects of AC1 inhibition 
in long-term memory (Wong et al., 1999). That a small molecule that inhibits AC1 
activity (NB001) did not inhibit LTP in the hippocampus and had no effects in a mouse 
model of contextual fear memory (Wang et al., 2011), suggests that selective AC1 
inhibitors would not cause significant memory impairments. However, additional 
behavioral assays to examine the effects of small molecule inhibitors of AC1 on learning 
and memory should be conducted.  
Additional behavioral assays can also enlighten the potential of W001 to treat 
opioid dependence. It was shown that in AC1 knockout mice the behaviors associated 
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with morphine dependence are largely inhibited (Li et al., 2006; Zachariou et al., 2008). 
Those same morphine treatment paradigms and behavioral assays could be conducted in 
the presence of W001 in wild type mice to determine the potential of this compound for 
treating opioid dependence. In addition to the behavioral assays, pharmacokinetic studies 
could provide substantial support to taking these ligands to clinical trials. Ultimately, the 
pharmacology of W001 could be further improved, resulting in an even more potent 
inhibitor of AC1 that can be used to treat chronic pain in the absence of the side effects 
commonly associated with opioids. 
 Drugs that target GPCRs have been used for thousands of years. The possibility 
that functional selectivity can improve the current therapies that target this family of 
receptors has added another level of complexity to the molecular pharmacology of the 
compounds that target GPCRs. Moreover, proteins that are downstream effectors of 
GPCRs, such as adenylyl cyclases, can also become attractive drug targets. The studies 
presented herein embodied three levels of research in GPCR signaling: first by providing 
mechanist insight on a clinically used antipsychotic drug (i.e. aripiprazole) that targets 
GPCRs and is superior to other classes of antipsychotic drugs; second by studying and 
comparing the different methods to measure ligand bias and determining their utility in 
more basic GPCR research; and third by identifying novel small molecule inhibitors of 




























Ahmed MR, Berthet A, Bychkov E, Porras G, Li Q, Bioulac BH, Carl YT, Bloch B, 
Kook S, Aubert I, Dovero S, Doudnikoff E, Gurevich VV, Gurevich EV and 
Bezard E (2010) Lentiviral overexpression of GRK6 alleviates L-dopa-induced 
dyskinesia in experimental Parkinson's disease. Science translational medicine 
2(28): 28ra28. 
Allen J, Yost J, Setola V, Chen X, Sassano M, Chen M, Peterson S, Yadav P, Huang X, 
Feng B, Jensen N, Che X, Bai X, Frye S, Wetsel W, Caron M, Javitch J, Roth B 
and Jin J (2011) Discovery of beta-Arrestin-Biased Dopamine D2 Ligands for 
Probing Signal Transduction Pathways Essential for Antipsychotic Efficacy. Proc 
Natl Acad Sci U S A 108(45): 18488-18493. 
Asano T, Morishita R, Ueda H and Kato K (1999) Selective association of G protein 
beta(4) with gamma(5) and gamma(12) subunits in bovine tissues. J Biol Chem 
274(30): 21425-21429. 
Attwood TK and Findlay JB (1994) Fingerprinting G-protein-coupled receptors. Protein 
engineering 7(2): 195-203. 
Avidor-Reiss T, Nevo I, Saya D, Bayewitch M and Vogel Z (1997) Opiate-induced 




Beach TG, Adler CH, Sue LI, Peirce JB, Bachalakuri J, Dalsing-Hernandez JE, Lue LF, 
Caviness JN, Connor DJ, Sabbagh MN and Walker DG (2008) Reduced striatal 
tyrosine hydroxylase in incidental Lewy body disease. Acta neuropathologica 
115(4): 445-451. 
Beaulieu J and Gainetdinov R (2011) The physiology, signaling, and pharmacology of 
dopamine receptors. Pharmacol Rev 63(1): 182-217. 
Beaulieu J, Marion S, Rodriguiz R, Medvedev I, Sotnikova T, Ghisi V, Wetsel W, 
Lefkowitz R, Gainetdinov R and Caron M (2008) A beta-arrestin 2 signaling 
complex mediates lithium action on behavior. Cell 132(1): 125-136. 
Beaulieu J, Sotnikova T, Marion S, Lefkowitz R, Gainetdinov R and Caron M (2005) An 
Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic 
neurotransmission and behavior. Cell 122(2): 261-273. 
Beaulieu J, Tirotta E, Sotnikova T, Masri B, Salahpour A, Gainetdinov R, Borrelli E and 
Caron M (2007a) Regulation of Akt signaling by D2 and D3 dopamine receptors 
in vivo. J Neurosci 27(4): 881-885. 
Beaulieu JM, Gainetdinov RR and Caron MG (2007b) The Akt-GSK-3 signaling cascade 
in the actions of dopamine. Trends Pharmacol Sci 28(4): 166-172. 
Belmaker RH and Agam G (2008) Major depressive disorder. The New England journal 
of medicine 358(1): 55-68. 
Bigler Wang D, Sherman NE, Shannon JD, Leonhardt SA, Mayeenuddin LH, Yeager M 
and McIntire WE (2011) Binding of beta4gamma5 by adenosine A1 and A2A 
receptors determined by stable isotope labeling with amino acids in cell culture 
and mass spectrometry. Biochemistry 50(2): 207-220. 
!!!
164 
Birnbaumer L (1992) Receptor-to-effector signaling through G proteins: roles for beta 
gamma dimers as well as alpha subunits. Cell 71(7): 1069-1072. 
Birnbaumer L (2007) Expansion of signal transduction by G proteins. The second 15 
years or so: from 3 to 16 alpha subunits plus betagamma dimers. Biochimica et 
biophysica acta 1768(4): 772-793. 
Black JW and Leff P (1983) Operational models of pharmacological agonism. Proc R 
Soc Lond B Biol Sci 220(1219): 141-162. 
Blum K, Chen AL, Giordano J, Borsten J, Chen TJ, Hauser M, Simpatico T, Femino J, 
Braverman ER and Barh D (2012) The addictive brain: all roads lead to 
dopamine. Journal of psychoactive drugs 44(2): 134-143. 
Bodnar RJ and Klein GE (2004) Endogenous opiates and behavior: 2003. Peptides 
25(12): 2205-2256. 
Bohn LM, Dykstra LA, Lefkowitz RJ, Caron MG and Barak LS (2004) Relative opioid 
efficacy is determined by the complements of the G protein-coupled receptor 
desensitization machinery. Mol Pharmacol 66(1): 106-112. 
Bohn LM, Gainetdinov RR, Lin FT, Lefkowitz RJ and Caron MG (2000) Mu-opioid 
receptor desensitization by beta-arrestin-2 determines morphine tolerance but not 
dependence. Nature 408(6813): 720-723. 
Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG and Lin FT (1999) 




Bouthenet ML, Martres MP, Sales N and Schwartz JC (1987) A detailed mapping of 
dopamine D-2 receptors in rat central nervous system by autoradiography with 
[125I]iodosulpride. Neuroscience 20(1): 117-155. 
Brand CS, Hocker HJ, Gorfe AA, Cavasotto CN and Dessauer CW (2013) Isoform 
selectivity of adenylyl cyclase inhibitors: characterization of known and novel 
compounds. J Pharmacol Exp Ther 347(2): 265-275. 
Brust TF, Hayes MP, Roman DL, Burris KD and Watts VJ (2015a) Bias analyses of 
preclinical and clinical d2 dopamine ligands: studies with immediate and complex 
signaling pathways. J Pharmacol Exp Ther 352(3): 480-493. 
Brust TF, Hayes MP, Roman DL and Watts VJ (2015b) New functional activity of 
aripiprazole revealed: Robust antagonism of D2 dopamine receptor-stimulated 
Gbetagamma signaling. Biochem Pharmacol 93(1): 85-91. 
Burris KD, Molski TF, Xu C, Ryan E, Tottori K, Kikuchi T, Yocca FD and Molinoff PB 
(2002) Aripiprazole, a novel antipsychotic, is a high-affinity partial agonist at 
human dopamine D2 receptors. J Pharmacol Exp Ther 302(1): 381-389. 
Busillo JM, Armando S, Sengupta R, Meucci O, Bouvier M and Benovic JL (2010) Site-
specific phosphorylation of CXCR4 is dynamically regulated by multiple kinases 
and results in differential modulation of CXCR4 signaling. J Biol Chem 285(10): 
7805-7817. 
Carlsson A, Lindqvist M and Magnusson T (1957) 3,4-Dihydroxyphenylalanine and 5-
hydroxytryptophan as reserpine antagonists. Nature 180(4596): 1200. 
Carlsson A, Lindqvist M, Magnusson T and Waldeck B (1958) On the presence of 3-
hydroxytyramine in brain. Science 127(3296): 471. 
!!!
166 
Chen X, Sassano MF, Zheng L, Setola V, Chen M, Bai X, Frye SV, Wetsel WC, Roth BL 
and Jin J (2012) Structure-functional selectivity relationship studies of beta-
arrestin-biased dopamine D(2) receptor agonists. J Med Chem 55(16): 7141-7153. 
Chen Y, Harry A, Li J, Smit MJ, Bai X, Magnusson R, Pieroni JP, Weng G and Iyengar 
R (1997) Adenylyl cyclase 6 is selectively regulated by protein kinase A 
phosphorylation in a region involved in Galphas stimulation. Proc Natl Acad Sci 
U S A 94(25): 14100-14104. 
Chern Y (2000) Regulation of adenylyl cyclase in the central nervous system. Cell Signal 
12(4): 195-204. 
Chester JA, Mullins AJ, Nguyen CH, Watts VJ and Meisel RL (2006) Repeated 
quinpirole treatments produce neurochemical sensitization and associated 
behavioral changes in female hamsters. Psychopharmacol (Berl) 188(1): 53-62. 
Chester JA and Watts VJ (2007) Adenylyl cyclase 5: a new clue in the search for the 
"fountain of youth"? Science's STKE : signal transduction knowledge 
environment 2007(413): pe64. 
Chien EY, Liu W, Zhao Q, Katritch V, Han GW, Hanson MA, Shi L, Newman AH, 
Javitch JA, Cherezov V and Stevens RC (2010) Structure of the human dopamine 
D3 receptor in complex with a D2/D3 selective antagonist. Science 330(6007): 
1091-1095. 
Chiou LC, Liao YY, Fan PC, Kuo PH, Wang CH, Riemer C and Prinssen EP (2007) 
Nociceptin/orphanin FQ peptide receptors: pharmacology and clinical 
implications. Curr Drug Targets 8(1): 117-135. 
!!!
167 
Clark MJ, Neubig RR and Traynor JR (2004) Endogenous regulator of G protein 
signaling proteins suppress Galphao-dependent, mu-opioid agonist-mediated 
adenylyl cyclase supersensitization. J Pharmacol Exp Ther 310(1): 215-222. 
Clarke C (2010) Has drug therapy changed the natural history of Parkinson's disease? J 
Neurol 257(Suppl 2): S262-267. 
Conley JM, Brand CS, Bogard AS, Pratt EP, Xu R, Hockerman GH, Ostrom RS, 
Dessauer CW and Watts VJ (2013) Development of a high-throughput screening 
paradigm for the discovery of small-molecule modulators of adenylyl cyclase: 
identification of an adenylyl cyclase 2 inhibitor. J Pharmacol Exp Ther 347(2): 
276-287. 
Conley JM, Brust TF, Xu R, Burris KD and Watts VJ (2014) Drug-induced sensitization 
of adenylyl cyclase: assay streamlining and miniaturization for small molecule 
and siRNA screening applications. Journal of visualized experiments : JoVE(83): 
e51218. 
Cooper D and Crossthwaite A (2006) Higher-order organization and regulation of 
adenylyl cyclases. Trends Pharmacol Sci 27(8): 426-431. 
Corder G, Doolen S, Donahue RR, Winter MK, Jutras BL, He Y, Hu X, Wieskopf JS, 
Mogil JS, Storm DR, Wang ZJ, McCarson KE and Taylor BK (2013) Constitutive 
mu-opioid receptor activity leads to long-term endogenous analgesia and 
dependence. Science 341(6152): 1394-1399. 
Creese I, Burt DR and Snyder SH (1976) Dopamine receptor binding predicts clinical and 




Cruz HG, Berton F, Sollini M, Blanchet C, Pravetoni M, Wickman K and Luscher C 
(2008) Absence and rescue of morphine withdrawal in GIRK/Kir3 knock-out 
mice. J Neurosci 28(15): 4069-4077. 
Culm KE, Lugo-Escobar N, Hope BT and Hammer RP, Jr. (2004) Repeated quinpirole 
treatment increases cAMP-dependent protein kinase activity and CREB 
phosphorylation in nucleus accumbens and reverses quinpirole-induced 
sensorimotor gating deficits in rats. Neuropsychopharmacology : official 
publication of the American College of Neuropsychopharmacology 29(10): 1823-
1830. 
Cumbay M and Watts V (2001) Heterologous sensitization of recombinant adenylate 
cyclases by activation of D(2) dopamine receptors. J Pharmacol Exp Ther 297(3): 
297(293). 
Dauer W and Przedborski S (2003) Parkinson's disease: mechanisms and models. Neuron 
39(6): 889-909. 
DeFea KA, Zalevsky J, Thoma MS, Dery O, Mullins RD and Bunnett NW (2000) beta-
arrestin-dependent endocytosis of proteinase-activated receptor 2 is required for 
intracellular targeting of activated ERK1/2. The Journal of cell biology 148(6): 
1267-1281. 
Defer N, Best-Belpomme M and Hanoune J (2000) Tissue specificity and physiological 
relevance of various isoforms of adenylyl cyclase. American journal of 
physiology Renal physiology 279(3): F400-416. 
Del'guidice T, Lemasson M and Beaulieu J (2011) Role of Beta-arrestin 2 downstream of 
dopamine receptors in the Basal Ganglia. Front Neuroanat 5: 58. 
!!!
169 
DeLeon A, Patel NC and Crismon ML (2004) Aripiprazole: a comprehensive review of 
its pharmacology, clinical efficacy, and tolerability. Clinical therapeutics 26(5): 
649-666. 
Deshpande DA, Theriot BS, Penn RB and Walker JK (2008) Beta-arrestins specifically 
constrain beta2-adrenergic receptor signaling and function in airway smooth 
muscle. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology 22(7): 2134-2141. 
DeWire S and Violin J (2011) Biased ligands for better cardiovascular drugs: dissecting 
G-protein-coupled receptor pharmacology. Circ Res 109(2): 205-216. 
DeWire SM, Yamashita DS, Rominger DH, Liu G, Cowan CL, Graczyk TM, Chen XT, 
Pitis PM, Gotchev D, Yuan C, Koblish M, Lark MW and Violin JD (2013) A G 
protein-biased ligand at the mu-opioid receptor is potently analgesic with reduced 
gastrointestinal and respiratory dysfunction compared with morphine. J 
Pharmacol Exp Ther 344(3): 708-717. 
Dixon RA, Kobilka BK, Strader DJ, Benovic JL, Dohlman HG, Frielle T, Bolanowski 
MA, Bennett CD, Rands E, Diehl RE, Mumford RA, Slater EE, Sigal IS, Caron 
MG, Lefkowitz RJ and Strader CD (1986) Cloning of the gene and cDNA for 
mammalian beta-adrenergic receptor and homology with rhodopsin. Nature 
321(6065): 75-79. 
Dore AS, Okrasa K, Patel JC, Serrano-Vega M, Bennett K, Cooke RM, Errey JC, 
Jazayeri A, Khan S, Tehan B, Weir M, Wiggin GR and Marshall FH (2014) 
Structure of class C GPCR metabotropic glutamate receptor 5 transmembrane 
domain. Nature 511(7511): 557-562. 
!!!
170 
Duman RS, Tallman JF and Nestler EJ (1988) Acute and chronic opiate-regulation of 
adenylate cyclase in brain: specific effects in locus coeruleus. J Pharmacol Exp 
Ther 246(3): 1033-1039. 
Dumaz N and Marais R (2005) Integrating signals between cAMP and the 
RAS/RAF/MEK/ERK signalling pathways. Based on the anniversary prize of the 
Gesellschaft fur Biochemie und Molekularbiologie Lecture delivered on 5 July 
2003 at the Special FEBS Meeting in Brussels. The FEBS journal 272(14): 3491-
3504. 
Dupre DJ, Robitaille M, Rebois RV and Hebert TE (2009) The role of Gbetagamma 
subunits in the organization, assembly, and function of GPCR signaling 
complexes. Annual review of pharmacology and toxicology 49: 31-56. 
Ehlert FJ (2008) On the analysis of ligand-directed signaling at G protein-coupled 
receptors. Naunyn-Schmiedeberg's archives of pharmacology 377(4-6): 549-577. 
Ejendal KF, Dessauer CW, Hebert TE and Watts VJ (2012) Dopamine D(2) Receptor-
Mediated Heterologous Sensitization of AC5 Requires Signalosome Assembly. 
Journal of signal transduction 2012: 210324. 
Evans CJ (2004) Secrets of the opium poppy revealed. Neuropharmacology 47 Suppl 1: 
293-299. 
Fahn S (2010) Parkinson's disease: 10 years of progress, 1997-2007. Mov Disord 25 
Suppl 1: S2-14. 
Fang Y, Ferrie AM, Fontaine NH, Mauro J and Balakrishnan J (2006) Resonant 




Federman AD, Conklin BR, Schrader KA, Reed RR and Bourne HR (1992) Hormonal-
Stimulation of Adenylyl Cyclase through Gi-Protein Beta-Gamma-Subunits. 
Nature 356(6365): 159-161. 
Fell MJ, Perry KW, Falcone JF, Johnson BG, Barth VN, Rash KS, Lucaites VL, 
Threlkeld PG, Monn JA, McKinzie DL, Marek GJ, Svensson KA and Nelson DL 
(2009) In vitro and in vivo evidence for a lack of interaction with dopamine D2 
receptors by the metabotropic glutamate 2/3 receptor agonists 1S,2S,5R,6S-2-
aminobicyclo[3.1.0]hexane-2,6-bicaroxylate monohydrate (LY354740) and (-)-2-
oxa-4-aminobicyclo[3.1.0] Hexane-4,6-dicarboxylic acid (LY379268). J 
Pharmacol Exp Ther 331(3): 1126-1136. 
Ferguson GD and Storm DR (2004) Why calcium-stimulated adenylyl cyclases? 
Physiology 19: 271-276. 
Ferguson SS, Downey WE, 3rd, Colapietro AM, Barak LS, Menard L and Caron MG 
(1996) Role of beta-arrestin in mediating agonist-promoted G protein-coupled 
receptor internalization. Science 271(5247): 363-366. 
Ferrie AM, Sun H, Zaytseva N and Fang Y (2014) Divergent label-free cell phenotypic 
pharmacology of ligands at the overexpressed beta(2)-adrenergic receptors. 
Scientific reports 4: 3828. 
Fredriksson R, Lagerstrom MC, Lundin LG and Schioth HB (2003) The G-protein-
coupled receptors in the human genome form five main families. Phylogenetic 




Free RB, Chun LS, Moritz AE, Miller BN, Doyle TB, Conroy JL, Padron A, Meade JA, 
Xiao J, Hu X, Dulcey AE, Han Y, Duan L, Titus S, Bryant-Genevier M, Barnaeva 
E, Ferrer M, Javitch JA, Beuming T, Shi L, Southall NT, Marugan JJ and Sibley 
DR (2014) Discovery and characterization of a G protein-biased agonist that 
inhibits beta-arrestin recruitment to the D2 dopamine receptor. Mol Pharmacol 
86(1): 96-105. 
Fuxe K, Marcellino D, Genedani S and Agnati L (2007) Adenosine A(2A) receptors, 
dopamine D(2) receptors and their interactions in Parkinson's disease. Mov Disord 
22(14): 1990-2017. 
Gao MH, Tang T, Guo T, Sun SQ, Feramisco JR and Hammond HK (2004) Adenylyl 
cyclase type VI gene transfer reduces phospholamban expression in cardiac 
myocytes via activating transcription factor 3. J Biol Chem 279(37): 38797-
38802. 
Gaveriaux-Ruff C and Kieffer BL (2002) Opioid receptor genes inactivated in mice: the 
highlights. Neuropeptides 36(2-3): 62-71. 
Gay EA, Urban JD, Nichols DE, Oxford GS and Mailman RB (2004) Functional 
selectivity of D2 receptor ligands in a Chinese hamster ovary hD2L cell line: 
evidence for induction of ligand-specific receptor states. Mol Pharmacol 66(1): 
97-105. 
Geng Y, Bush M, Mosyak L, Wang F and Fan QR (2013) Structural mechanism of ligand 
activation in human GABA(B) receptor. Nature 504(7479): 254-259. 
!!!
173 
Goodman OB, Jr., Krupnick JG, Santini F, Gurevich VV, Penn RB, Gagnon AW, Keen 
JH and Benovic JL (1996) Beta-arrestin acts as a clathrin adaptor in endocytosis 
of the beta2-adrenergic receptor. Nature 383(6599): 447-450. 
Goutelle S, Maurin M, Rougier F, Barbaut X, Bourguignon L, Ducher M and Maire P 
(2008) The Hill equation: a review of its capabilities in pharmacological 
modelling. Fundam Clin Pharmacol 22(6): 633-648. 
Granier S, Manglik A, Kruse AC, Kobilka TS, Thian FS, Weis WI and Kobilka BK 
(2012) Structure of the delta-opioid receptor bound to naltrindole. Nature 
485(7398): 400-404. 
Gregory KJ, Hall NE, Tobin AB, Sexton PM and Christopoulos A (2010) Identification 
of orthosteric and allosteric site mutations in M2 muscarinic acetylcholine 
receptors that contribute to ligand-selective signaling bias. J Biol Chem 285(10): 
7459-7474. 
Griffin MT, Figueroa KW, Liller S and Ehlert FJ (2007) Estimation of agonist activity at 
G protein-coupled receptors: analysis of M2 muscarinic receptor signaling 
through Gi/o,Gs, and G15. J Pharmacol Exp Ther 321(3): 1193-1207. 
Guillin O, Abi-Dargham A and Laruelle M (2007) Neurobiology of dopamine in 
schizophrenia. Int Rev Neurobiol 78: 1-39. 
Hacker BM, Tomlinson JE, Wayman GA, Sultana R, Chan G, Villacres E, Disteche C 
and Storm DR (1998) Cloning, chromosomal mapping, and regulatory properties 




Haga K, Kruse AC, Asada H, Yurugi-Kobayashi T, Shiroishi M, Zhang C, Weis WI, 
Okada T, Kobilka BK, Haga T and Kobayashi T (2012) Structure of the human 
M2 muscarinic acetylcholine receptor bound to an antagonist. Nature 482(7386): 
547-551. 
Hanson MA, Roth CB, Jo E, Griffith MT, Scott FL, Reinhart G, Desale H, Clemons B, 
Cahalan SM, Schuerer SC, Sanna MG, Han GW, Kuhn P, Rosen H and Stevens 
RC (2012) Crystal structure of a lipid G protein-coupled receptor. Science 
335(6070): 851-855. 
Hanson MA and Stevens RC (2009) Discovery of new GPCR biology: one receptor 
structure at a time. Structure 17(1): 8-14. 
Harrison C and Traynor JR (2003) The [35S]GTPgammaS binding assay: approaches and 
applications in pharmacology. Life sciences 74(4): 489-508. 
Hata JA and Koch WJ (2003) Phosphorylation of G protein-coupled receptors: GPCR 
kinases in heart disease. Molecular interventions 3(5): 264-272. 
Hegarty SV, Sullivan AM and O'Keeffe GW (2013) Midbrain dopaminergic neurons: a 
review of the molecular circuitry that regulates their development. Developmental 
biology 379(2): 123-138. 
Hollenstein K, Kean J, Bortolato A, Cheng RK, Dore AS, Jazayeri A, Cooke RM, Weir 
M and Marshall FH (2013) Structure of class B GPCR corticotropin-releasing 
factor receptor 1. Nature 499(7459): 438-443. 
Hurd YL, Suzuki M and Sedvall GC (2001) D1 and D2 dopamine receptor mRNA 
expression in whole hemisphere sections of the human brain. Journal of chemical 
neuroanatomy 22(1-2): 127-137. 
!!!
175 
Hurowitz EH, Melnyk JM, Chen YJ, Kouros-Mehr H, Simon MI and Shizuya H (2000) 
Genomic characterization of the human heterotrimeric G protein alpha, beta, and 
gamma subunit genes. DNA research : an international journal for rapid 
publication of reports on genes and genomes 7(2): 111-120. 
Iaccarino G and Koch WJ (2003) Transgenic mice targeting the heart unveil G protein-
coupled receptor kinases as therapeutic targets. Assay and drug development 
technologies 1(2): 347-355. 
Iwamoto T, Okumura S, Iwatsubo K, Kawabe J, Ohtsu K, Sakai I, Hashimoto Y, 
Izumitani A, Sango K, Ajiki K, Toya Y, Umemura S, Goshima Y, Arai N, Vatner 
SF and Ishikawa Y (2003) Motor dysfunction in type 5 adenylyl cyclase-null 
mice. J Biol Chem 278(19): 16936-16940. 
Jaakola VP, Griffith MT, Hanson MA, Cherezov V, Chien EY, Lane JR, Ijzerman AP 
and Stevens RC (2008) The 2.6 angstrom crystal structure of a human A2A 
adenosine receptor bound to an antagonist. Science 322(5905): 1211-1217. 
Jackson DM and Westlind-Danielsson A (1994) Dopamine receptors: molecular biology, 
biochemistry and behavioural aspects. Pharmacology & therapeutics 64(2): 291-
370. 
Jarpe MB, Knall C, Mitchell FM, Buhl AM, Duzic E and Johnson GL (1998) [D-Arg1,D-
Phe5,D-Trp7,9,Leu11]Substance P acts as a biased agonist toward neuropeptide 
and chemokine receptors. J Biol Chem 273(5): 3097-3104. 
Jim KF, Macia RA and Matthews WD (1985) An evaluation of the ability of a series of 
full alpha-1 adrenoceptor agonists to release internal calcium in venous smooth 
muscle. J Pharmacol Exp Ther 235(2): 377-381. 
!!!
176 
Jones AK, Qi LY, Fujirawa T, Luthra SK, Ashburner J, Bloomfield P, Cunningham VJ, 
Itoh M, Fukuda H and Jones T (1991) In vivo distribution of opioid receptors in 
man in relation to the cortical projections of the medial and lateral pain systems 
measured with positron emission tomography. Neuroscience letters 126(1): 25-28. 
Jones M, White J and Gray R (2009) Partial agonists and schizophrenia: theoretical 
developments for the development of mental health nursing. Journal of 
psychiatric and mental health nursing 16(5): 409-415. 
Katritch V, Cherezov V and Stevens RC (2013) Structure-function of the G protein-
coupled receptor superfamily. Annual review of pharmacology and toxicology 53: 
531-556. 
Kellendonk C, Simpson EH, Polan HJ, Malleret G, Vronskaya S, Winiger V, Moore H 
and Kandel ER (2006) Transient and selective overexpression of dopamine D2 
receptors in the striatum causes persistent abnormalities in prefrontal cortex 
functioning. Neuron 49(4): 603-615. 
Kenakin T (2004) Principles: receptor theory in pharmacology. Trends Pharmacol Sci 
25(4): 186-192. 
Kenakin T (2009) Quantifying biological activity in chemical terms: a pharmacology 
primer to describe drug effect. ACS Chem Biol 4(4): 249-260. 
Kenakin T (2012) The potential for selective pharmacological therapies through biased 
receptor signaling. BMC pharmacology & toxicology 13: 3. 
Kenakin T (2014a) Quantifying biased beta-arrestin signaling. Handbook of experimental 
pharmacology 219: 57-83. 
!!!
177 
Kenakin T (2014b) What is pharmacological 'affinity'? Relevance to biased agonism and 
antagonism. Trends Pharmacol Sci. 
Kenakin T and Christopoulos A (2013a) Measurements of ligand bias and functional 
affinity. Nat Rev Drug Discov 12(6): 483. 
Kenakin T and Christopoulos A (2013b) Signalling bias in new drug discovery: 
detection, quantification and therapeutic impact. Nat Rev Drug Discov 12(3): 205-
216. 
Kenakin T, Watson C, Muniz-Medina V, Christopoulos A and Novick S (2012) A simple 
method for quantifying functional selectivity and agonist bias. ACS chemical 
neuroscience 3(3): 193-203. 
Kenakin TP, Ambrose JR and Irving PE (1991) The relative efficiency of beta 
adrenoceptor coupling to myocardial inotropy and diastolic relaxation: organ-
selective treatment for diastolic dysfunction. J Pharmacol Exp Ther 257(3): 1189-
1197. 
Kent RS, De Lean A and Lefkowitz RJ (1980) A quantitative analysis of beta-adrenergic 
receptor interactions: resolution of high and low affinity states of the receptor by 
computer modeling of ligand binding data. Mol Pharmacol 17(1): 14-23. 
Kerwin RW and Beats BC (1990) Increased forskolin binding in the left parahippocampal 
gyrus and CA1 region in post mortem schizophrenic brain determined by 
quantitative autoradiography. Neuroscience letters 118(2): 164-168. 
Khan SM, Sleno R, Gora S, Zylbergold P, Laverdure JP, Labbe JC, Miller GJ and Hebert 
TE (2013) The expanding roles of Gbetagamma subunits in G protein-coupled 
receptor signaling and drug action. Pharmacol Rev 65(2): 545-577. 
!!!
178 
Killinger BA, Peet MM and Baker LE (2010) Salvinorin A fails to substitute for the 
discriminative stimulus effects of LSD or ketamine in Sprague-Dawley rats. 
Pharmacology, biochemistry, and behavior 96(3): 260-265. 
Kim J, Ahn S, Ren XR, Whalen EJ, Reiter E, Wei H and Lefkowitz RJ (2005) Functional 
antagonism of different G protein-coupled receptor kinases for beta-arrestin-
mediated angiotensin II receptor signaling. Proc Natl Acad Sci U S A 102(5): 
1442-1447. 
Kim KS, Lee KW, Lee KW, Im JY, Yoo JY, Kim SW, Lee JK, Nestler EJ and Han PL 
(2006) Adenylyl cyclase type 5 (AC5) is an essential mediator of morphine 
action. Proc Natl Acad Sci U S A 103(10): 3908-3913. 
Klewe I, Nielsen S, Tarpo L, Urizar E, Dipace C, Javitch J, Gether U, Egebjerg J and 
Christensen K (2008) Recruitment of beta-arrestin2 to the dopamine D2 receptor: 
insights into anti-psychotic and anti-parkinsonian drug receptor signaling. 
Neuropharmacol 54(8): 1215-1222. 
Kobilka B (2013) The structural basis of G-protein-coupled receptor signaling (Nobel 
Lecture). Angewandte Chemie 52(25): 6380-6388. 
Kolakowski LF, Jr. (1994) GCRDb: a G-protein-coupled receptor database. Receptors & 
channels 2(1): 1-7. 
Kruse AC, Hu J, Pan AC, Arlow DH, Rosenbaum DM, Rosemond E, Green HF, Liu T, 
Chae PS, Dror RO, Shaw DE, Weis WI, Wess J and Kobilka BK (2012) Structure 




Lai NC, Roth DM, Gao MH, Tang T, Dalton N, Lai YY, Spellman M, Clopton P and 
Hammond HK (2004) Intracoronary adenovirus encoding adenylyl cyclase VI 
increases left ventricular function in heart failure. Circulation 110(3): 330-336. 
Lamberts JT, Jutkiewicz EM, Mortensen RM and Traynor JR (2011) mu-Opioid receptor 
coupling to Galpha(o) plays an important role in opioid antinociception. 
Neuropsychopharmacology 36(10): 2041-2053. 
Latapy C and Beaulieu JM (2013) beta-Arrestins in the central nervous system. Progress 
in molecular biology and translational science 118: 267-295. 
Lawler CP, Prioleau C, Lewis MM, Mak C, Jiang D, Schetz JA, Gonzalez AM, Sibley 
DR and Mailman RB (1999) Interactions of the novel antipsychotic aripiprazole 
(OPC-14597) with dopamine and serotonin receptor subtypes. 
Neuropsychopharmacology : official publication of the American College of 
Neuropsychopharmacology 20(6): 612-627. 
Lee KW, Hong JH, Choi IY, Che Y, Lee JK, Yang SD, Song CW, Kang HS, Lee JH, 
Noh JS, Shin HS and Han PL (2002) Impaired D2 dopamine receptor function in 
mice lacking type 5 adenylyl cyclase. J Neurosci 22(18): 7931-7940. 
Lefkowitz R and Shenoy S (2005) Transduction of receptor signals by beta-arrestins. 
Science 308(5721): 512-517. 
Lefkowitz RJ (2004) Historical review: a brief history and personal retrospective of 
seven-transmembrane receptors. Trends Pharmacol Sci 25(8): 413-422. 
Li EC, Heran BS and Wright JM (2014) Angiotensin converting enzyme (ACE) 
inhibitors versus angiotensin receptor blockers for primary hypertension. The 
Cochrane database of systematic reviews 8: CD009096. 
!!!
180 
Li S, Lee ML, Bruchas MR, Chan GC, Storm DR and Chavkin C (2006) Calmodulin-
stimulated adenylyl cyclase gene deletion affects morphine responses. Mol 
Pharmacol 70(5): 1742-1749. 
Lieberman JA, Bymaster FP, Meltzer HY, Deutch AY, Duncan GE, Marx CE, Aprille 
JR, Dwyer DS, Li XM, Mahadik SP, Duman RS, Porter JH, Modica-Napolitano 
JS, Newton SS and Csernansky JG (2008) Antipsychotic drugs: comparison in 
animal models of efficacy, neurotransmitter regulation, and neuroprotection. 
Pharmacol Rev 60(3): 358-403. 
Lin Y and Smrcka AV (2011) Understanding molecular recognition by G protein 
betagamma subunits on the path to pharmacological targeting. Mol Pharmacol 
80(4): 551-557. 
Liu J, Horst R, Katritch V, Stevens R and Wuthrich K (2012a) Biased signaling pathways 
in beta2-adrenergic receptor characterized by 19F-NMR. Science 335(6072): 
1106-1110. 
Liu JJ, Horst R, Katritch V, Stevens RC and Wuthrich K (2012b) Biased signaling 
pathways in beta2-adrenergic receptor characterized by 19F-NMR. Science 
335(6072): 1106-1110. 
Lu HC, She WC, Plas DT, Neumann PE, Janz R and Crair MC (2003) Adenylyl cyclase I 
regulates AMPA receptor trafficking during mouse cortical 'barrel' map 
development. Nat Neurosci 6(9): 939-947. 
Luscher C and Slesinger PA (2010) Emerging roles for G protein-gated inwardly 




Luttrell DK and Luttrell LM (2003) Signaling in time and space: G protein-coupled 
receptors and mitogen-activated protein kinases. Assay and drug development 
technologies 1(2): 327-338. 
Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, Pierce KL and Lefkowitz 
RJ (2001) Activation and targeting of extracellular signal-regulated kinases by 
beta-arrestin scaffolds. Proc Natl Acad Sci U S A 98(5): 2449-2454. 
Lynch MA (2004) Long-term potentiation and memory. Physiological reviews 84(1): 87-
136. 
Mailman R and Murthy V (2010) Third generation antipsychotic drugs: partial agonism 
or receptor functional selectivity? Curr Pharm Des 16(5): 488-501. 
Mailman RB (2007) GPCR functional selectivity has therapeutic impact. Trends 
Pharmacol Sci 28(8): 390-396. 
Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, Pardo L, 
Weis WI, Kobilka BK and Granier S (2012) Crystal structure of the micro-opioid 
receptor bound to a morphinan antagonist. Nature 485(7398): 321-326. 
Mansour A, Fox CA, Akil H and Watson SJ (1995) Opioid-receptor mRNA expression in 
the rat CNS: anatomical and functional implications. Trends Neurosci 18(1): 22-
29. 
Mansour A, Khachaturian H, Lewis ME, Akil H and Watson SJ (1988) Anatomy of CNS 





Marder SR, McQuade RD, Stock E, Kaplita S, Marcus R, Safferman AZ, Saha A, Ali M 
and Iwamoto T (2003) Aripiprazole in the treatment of schizophrenia: safety and 
tolerability in short-term, placebo-controlled trials. Schizophrenia research 61(2-
3): 123-136. 
Masana M, Santana N, Artigas F and Bortolozzi A (2012) Dopamine neurotransmission 
and atypical antipsychotics in prefrontal cortex: a critical review. Current topics 
in medicinal chemistry 12(21): 2357-2374. 
Masri B, Salahpour A, Didriksen M, Ghisi V, Beaulieu J, Gainetdinov R and Caron M 
(2008) Antagonism of dopamine D2 receptor/beta-arrestin 2 interaction is a 
common property of clinically effective antipsychotics. Proc Natl Acad Sci U S A 
105(36): 13656-13661. 
McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW, Chang F, Lehmann 
B, Terrian DM, Milella M, Tafuri A, Stivala F, Libra M, Basecke J, Evangelisti C, 
Martelli AM and Franklin RA (2007) Roles of the Raf/MEK/ERK pathway in cell 
growth, malignant transformation and drug resistance. Biochimica et biophysica 
acta 1773(8): 1263-1284. 
McKay MM and Morrison DK (2007) Integrating signals from RTKs to ERK/MAPK. 
Oncogene 26(22): 3113-3121. 
Meis S (2003) Nociceptin/orphanin FQ: actions within the brain. Neuroscientist 9(2): 
158-168. 
Meissner W, Frasier M, Gasser T, Goetz C, Lozano A, Piccini P, Obeso J, Rascol O, 
Schapira A, Voon V, Weiner D, Tison F and Bezard E (2011) Priorities in 
Parkinson's disease research. Nat Rev Drug Discov 10(5): 377-393. 
!!!
183 
Meunier JC, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P, Butour JL, 
Guillemot JC, Ferrara P, Monsarrat B and et al. (1995) Isolation and structure of 
the endogenous agonist of opioid receptor-like ORL1 receptor. Nature 377(6549): 
532-535. 
Mitrovic I, Margeta-Mitrovic M, Bader S, Stoffel M, Jan LY and Basbaum AI (2003) 
Contribution of GIRK2-mediated postsynaptic signaling to opiate and alpha 2-
adrenergic analgesia and analgesic sex differences. Proc Natl Acad Sci U S A 
100(1): 271-276. 
Moreira IS (2014) Structural features of the G-protein/GPCR interactions. Biochimica et 
biophysica acta 1840(1): 16-33. 
Morrison PD and Murray RM (2009) From real-world events to psychosis: the emerging 
neuropharmacology of delusions. Schizophr Bull 35(4): 668-674. 
Muly C (2002) Signal transduction abnormalities in schizophrenia: the cAMP system. 
Psychopharmacology bulletin 36(4): 92-105. 
Nathans J and Hogness DS (1984) Isolation and nucleotide sequence of the gene 
encoding human rhodopsin. Proc Natl Acad Sci U S A 81(15): 4851-4855. 
Nelson CD, Perry SJ, Regier DS, Prescott SM, Topham MK and Lefkowitz RJ (2007) 
Targeting of diacylglycerol degradation to M1 muscarinic receptors by beta-
arrestins. Science 315(5812): 663-666. 
Nestler EJ and Tallman JF (1988) Chronic morphine treatment increases cyclic AMP-




Neubig RR and Siderovski DP (2002) Regulators of G-protein signalling as new central 
nervous system drug targets. Nat Rev Drug Discov 1(3): 187-197. 
Nevo I, Avidor-Reiss T, Levy R, Bayewitch M, Heldman E and Vogel Z (1998) 
Regulation of adenylyl cyclase isozymes on acute and chronic activation of 
inhibitory receptors. Mol Pharmacol 54(2): 419-426. 
Nygaard R, Zou Y, Dror RO, Mildorf TJ, Arlow DH, Manglik A, Pan AC, Liu CW, Fung 
JJ, Bokoch MP, Thian FS, Kobilka TS, Shaw DE, Mueller L, Prosser RS and 
Kobilka BK (2013) The dynamic process of beta(2)-adrenergic receptor 
activation. Cell 152(3): 532-542. 
Oak JN, Lavine N and Van Tol HHM (2001) Dopamine D-4 and D-2L receptor 
stimulation of the mitogen-activated protein kinase pathway is dependent on 
transactivation of the platelet-derived growth factor receptor. Mol Pharmacol 
60(1): 92-103. 
Okumura S, Takagi G, Kawabe J, Yang G, Lee MC, Hong C, Liu J, Vatner DE, 
Sadoshima J, Vatner SF and Ishikawa Y (2003) Disruption of type 5 adenylyl 
cyclase gene preserves cardiac function against pressure overload. Proc Natl Acad 
Sci U S A 100(17): 9986-9990. 
Overington JP, Al-Lazikani B and Hopkins AL (2006) How many drug targets are there? 
Nat Rev Drug Discov 5(12): 993-996. 
Pae CU, Forbes A and Patkar AA (2011) Aripiprazole as adjunctive therapy for patients 
with major depressive disorder: overview and implications of clinical trial data. 
CNS drugs 25(2): 109-127. 
!!!
185 
Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, Le Trong I, 
Teller DC, Okada T, Stenkamp RE, Yamamoto M and Miyano M (2000) Crystal 
structure of rhodopsin: A G protein-coupled receptor. Science 289(5480): 739-
745. 
Patel TB, Du Z, Pierre S, Cartin L and Scholich K (2001) Molecular biological 
approaches to unravel adenylyl cyclase signaling and function. Gene 269(1-2): 
13-25. 
Pereira A, Zhang B, Malcolm P, Sugiharto-Winarno A and Sundram S (2014) Quetiapine 
and aripiprazole signal differently to ERK, p90RSK and c-Fos in mouse frontal 
cortex and striatum: role of the EGF receptor. BMC neuroscience 15: 30. 
Perry SJ, Baillie GS, Kohout TA, McPhee I, Magiera MM, Ang KL, Miller WE, McLean 
AJ, Conti M, Houslay MD and Lefkowitz RJ (2002) Targeting of cyclic AMP 
degradation to beta 2-adrenergic receptors by beta-arrestins. Science 298(5594): 
834-836. 
Petty RG (1999) Prolactin and antipsychotic medications: mechanism of action. 
Schizophrenia research 35 Suppl: S67-73. 
Portoghese P (1965) A new concept on the mode of interaction of narcotic analgesics 
with receptors. J Med Chem 8(5): 609-616. 
Quan W, Kim J, Albert P, Choi H and Kim K (2008) Roles of G protein and beta-arrestin 
in dopamine D2 receptor-mediated ERK activation. Biochem Biophys Res 
Commun 377(2): 705-709. 
!!!
186 
Raehal KM, Schmid CL, Groer CE and Bohn LM (2011) Functional selectivity at the 
mu-opioid receptor: implications for understanding opioid analgesia and 
tolerance. Pharmacol Rev 63(4): 1001-1019. 
Raehal KM, Walker JK and Bohn LM (2005) Morphine side effects in beta-arrestin 2 
knockout mice. J Pharmacol Exp Ther 314(3): 1195-1201. 
Rajagopal S (2013) Quantifying biased agonism: understanding the links between affinity 
and efficacy. Nat Rev Drug Discov 12(6): 483. 
Rajagopal S, Ahn S, Rominger D, Gowen-MacDonald W, Lam C, Dewire S, Violin J and 
Lefkowitz R (2011) Quantifying ligand bias at seven-transmembrane receptors. 
Mol Pharmacol 80(3): 367-377. 
Rask-Andersen M, Almen MS and Schioth HB (2011) Trends in the exploitation of novel 
drug targets. Nat Rev Drug Discov 10(8): 579-590. 
Rasmussen SG, Choi HJ, Fung JJ, Pardon E, Casarosa P, Chae PS, Devree BT, 
Rosenbaum DM, Thian FS, Kobilka TS, Schnapp A, Konetzki I, Sunahara RK, 
Gellman SH, Pautsch A, Steyaert J, Weis WI and Kobilka BK (2011a) Structure 
of a nanobody-stabilized active state of the beta(2) adrenoceptor. Nature 
469(7329): 175-180. 
Rasmussen SG, Choi HJ, Rosenbaum DM, Kobilka TS, Thian FS, Edwards PC, 
Burghammer M, Ratnala VR, Sanishvili R, Fischetti RF, Schertler GF, Weis WI 
and Kobilka BK (2007) Crystal structure of the human beta2 adrenergic G-




Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, Thian FS, Chae 
PS, Pardon E, Calinski D, Mathiesen JM, Shah ST, Lyons JA, Caffrey M, 
Gellman SH, Steyaert J, Skiniotis G, Weis WI, Sunahara RK and Kobilka BK 
(2011b) Crystal structure of the beta2 adrenergic receptor-Gs protein complex. 
Nature 477(7366): 549-555. 
Reinscheid RK, Nothacker HP, Bourson A, Ardati A, Henningsen RA, Bunzow JR, 
Grandy DK, Langen H, Monsma FJ, Jr. and Civelli O (1995) Orphanin FQ: a 
neuropeptide that activates an opioidlike G protein-coupled receptor. Science 
270(5237): 792-794. 
Ren XR, Reiter E, Ahn S, Kim J, Chen W and Lefkowitz RJ (2005) Different G protein-
coupled receptor kinases govern G protein and beta-arrestin-mediated signaling of 
V2 vasopressin receptor. Proc Natl Acad Sci U S A 102(5): 1448-1453. 
Rhee MH, Nevo I, Avidor-Reiss T, Levy R and Vogel Z (2000) Differential 
superactivation of adenylyl cyclase isozymes after chronic activation of the CB(1) 
cannabinoid receptor. Mol Pharmacol 57(4): 746-752. 
Richardson M and Robishaw JD (1999) The alpha2A-adrenergic receptor discriminates 
between Gi heterotrimers of different betagamma subunit composition in Sf9 
insect cell membranes. J Biol Chem 274(19): 13525-13533. 
Rockman HA, Chien KR, Choi DJ, Iaccarino G, Hunter JJ, Ross J, Jr., Lefkowitz RJ and 
Koch WJ (1998) Expression of a beta-adrenergic receptor kinase 1 inhibitor 
prevents the development of myocardial failure in gene-targeted mice. Proc Natl 
Acad Sci U S A 95(12): 7000-7005. 
!!!
188 
Rominger DH, Cowan CL, Gowen-MacDonald W and Violin JD (2014) Biased ligands: 
pathway validation for novel GPCR therapeutics. Current opinion in 
pharmacology 16: 108-115. 
Roth BL and Chuang DM (1987) Multiple mechanisms of serotonergic signal 
transduction. Life sciences 41(9): 1051-1064. 
Roth DM, Gao MH, Lai NC, Drumm J, Dalton N, Zhou JY, Zhu J, Entrikin D and 
Hammond HK (1999) Cardiac-directed adenylyl cyclase expression improves 
heart function in murine cardiomyopathy. Circulation 99(24): 3099-3102. 
Rozengurt E (2007) Mitogenic signaling pathways induced by G protein-coupled 
receptors. Journal of cellular physiology 213(3): 589-602. 
Sacktor TC (2011) How does PKMzeta maintain long-term memory? Nat Rev Neurosci 
12(1): 9-15. 
Sadana R and Dessauer CW (2009) Physiological roles for G protein-regulated adenylyl 
cyclase isoforms: insights from knockout and overexpression studies. Neuro-
Signals 17(1): 5-22. 
Sanchez-Fernandez G, Cabezudo S, Garcia-Hoz C, Beninca C, Aragay AM, Mayor F, Jr. 
and Ribas C (2014) Galphaq signalling: the new and the old. Cell Signal 26(5): 
833-848. 
Schroder R, Janssen N, Schmidt J, Kebig A, Merten N, Hennen S, Muller A, Blattermann 
S, Mohr-Andra M, Zahn S, Wenzel J, Smith NJ, Gomeza J, Drewke C, Milligan 
G, Mohr K and Kostenis E (2010) Deconvolution of complex G protein-coupled 
receptor signaling in live cells using dynamic mass redistribution measurements. 
Nat Biotechnol 28(9): 943-949. 
!!!
189 
Schroder R, Schmidt J, Blattermann S, Peters L, Janssen N, Grundmann M, Seemann W, 
Kaufel D, Merten N, Drewke C, Gomeza J, Milligan G, Mohr K and Kostenis E 
(2011) Applying label-free dynamic mass redistribution technology to frame 
signaling of G protein-coupled receptors noninvasively in living cells. Nature 
protocols 6(11): 1748-1760. 
Schwartz TW, Frimurer TM, Holst B, Rosenkilde MM and Elling CE (2006) Molecular 
mechanism of 7TM receptor activation--a global toggle switch model. Annual 
review of pharmacology and toxicology 46: 481-519. 
Schwindinger WF, Betz KS, Giger KE, Sabol A, Bronson SK and Robishaw JD (2003) 
Loss of G protein gamma 7 alters behavior and reduces striatal alpha(olf) level 
and cAMP production. J Biol Chem 278(8): 6575-6579. 
Seamon KB and Daly JW (1981) Forskolin: a unique diterpene activator of cyclic AMP-
generating systems. J Cyclic Nucleotide Res 7(4): 201-224. 
Seeman P, Schwarz J, Chen JF, Szechtman H, Perreault M, McKnight GS, Roder JC, 
Quirion R, Boksa P, Srivastava LK, Yanai K, Weinshenker D and Sumiyoshi T 
(2006) Psychosis pathways converge via D2high dopamine receptors. Synapse 
60(4): 319-346. 
Shan Q, Chan GC and Storm DR (2008) Type 1 adenylyl cyclase is essential for 
maintenance of remote contextual fear memory. J Neurosci 28(48): 12864-12867. 
Shapiro DA, Renock S, Arrington E, Chiodo LA, Liu LX, Sibley DR, Roth BL and 
Mailman R (2003) Aripiprazole, a novel atypical antipsychotic drug with a unique 
and robust pharmacology. Neuropsychopharmacology : official publication of the 
American College of Neuropsychopharmacology 28(8): 1400-1411. 
!!!
190 
Sharma S, Klee W and Nirenberg M (1975) Dual regulation of adenylate cyclase 
accounts for narcotic dependence and tolerance. Proc Natl Acad Sci U S A 72(8): 
3092-3096. 
Shenoy SK and Lefkowitz RJ (2011) beta-Arrestin-mediated receptor trafficking and 
signal transduction. Trends Pharmacol Sci 32(9): 521-533. 
Shimamura T, Shiroishi M, Weyand S, Tsujimoto H, Winter G, Katritch V, Abagyan R, 
Cherezov V, Liu W, Han GW, Kobayashi T, Stevens RC and Iwata S (2011) 
Structure of the human histamine H1 receptor complex with doxepin. Nature 
475(7354): 65-70. 
Shonberg J, Klein Herenbrink C, Lopez Munoz L, Christopoulos A, Scammells PJ, 
Capuano B and Lane JR (2013) A Structure-Activity Analysis of Biased Agonism 
at the Dopamine D2 Receptor. J Med Chem. 
Shukla AK, Xiao K and Lefkowitz RJ (2011) Emerging paradigms of beta-arrestin-
dependent seven transmembrane receptor signaling. Trends in biochemical 
sciences 36(9): 457-469. 
Siehler S (2009) Regulation of RhoGEF proteins by G12/13-coupled receptors. Br J 
Pharmacol 158(1): 41-49. 
Simonin F, Valverde O, Smadja C, Slowe S, Kitchen I, Dierich A, Le Meur M, Roques 
BP, Maldonado R and Kieffer BL (1998) Disruption of the kappa-opioid receptor 
gene in mice enhances sensitivity to chemical visceral pain, impairs 
pharmacological actions of the selective kappa-agonist U-50,488H and attenuates 
morphine withdrawal. The EMBO journal 17(4): 886-897. 
!!!
191 
Siu FY, He M, de Graaf C, Han GW, Yang D, Zhang Z, Zhou C, Xu Q, Wacker D, 
Joseph JS, Liu W, Lau J, Cherezov V, Katritch V, Wang MW and Stevens RC 
(2013) Structure of the human glucagon class B G-protein-coupled receptor. 
Nature 499(7459): 444-449. 
Smrcka AV, Lehmann DM and Dessal AL (2008) G protein betagamma subunits as 
targets for small molecule therapeutic development. Combinatorial chemistry & 
high throughput screening 11(5): 382-395. 
Soergel DG, Subach RA, Sadler B, Connell J, Marion AS, Cowan CL, Violin JD and 
Lark MW (2014) First clinical experience with TRV130: pharmacokinetics and 
pharmacodynamics in healthy volunteers. J Clin Pharmacol 54(3): 351-357. 
Srivastava A, Yano J, Hirozane Y, Kefala G, Gruswitz F, Snell G, Lane W, Ivetac A, 
Aertgeerts K, Nguyen J, Jennings A and Okada K (2014) High-resolution 
structure of the human GPR40 receptor bound to allosteric agonist TAK-875. 
Nature 513(7516): 124-127. 
Stahl EL, Zhou L, Ehlert FJ and Bohn LM (2015) A novel method for analyzing 
extremely biased agonism at G protein-coupled receptors. Mol Pharmacol 87(5): 
866-877. 
Standfuss J, Edwards PC, D'Antona A, Fransen M, Xie G, Oprian DD and Schertler GF 
(2011) The structural basis of agonist-induced activation in constitutively active 





Suhara T, Okubo Y, Yasuno F, Sudo Y, Inoue M, Ichimiya T, Nakashima Y, Nakayama 
K, Tanada S, Suzuki K, Halldin C and Farde L (2002) Decreased dopamine D2 
receptor binding in the anterior cingulate cortex in schizophrenia. Archives of 
general psychiatry 59(1): 25-30. 
Sunahara RK, Dessauer CW and Gilman AG (1996) Complexity and diversity of 
mammalian adenylyl cyclases. Annual review of pharmacology and toxicology 
36: 461-480. 
Sunahara RK and Taussig R (2002) Isoforms of mammalian adenylyl cyclase: 
multiplicities of signaling. Molecular interventions 2(3): 168-184. 
Svenningsson P, Kim Y, Warner-Schmidt J, Oh YS and Greengard P (2013) p11 and its 
role in depression and therapeutic responses to antidepressants. Nat Rev Neurosci 
14(10): 673-680. 
Taber KH, Black DN, Porrino LJ and Hurley RA (2012) Neuroanatomy of dopamine: 
reward and addiction. The Journal of neuropsychiatry and clinical neurosciences 
24(1): 1-4. 
Tamminga CA and Carlsson A (2002) Partial dopamine agonists and dopaminergic 
stabilizers, in the treatment of psychosis. Current drug targets CNS and 
neurological disorders 1(2): 141-147. 
Tan Q, Zhu Y, Li J, Chen Z, Han GW, Kufareva I, Li T, Ma L, Fenalti G, Li J, Zhang W, 
Xie X, Yang H, Jiang H, Cherezov V, Liu H, Stevens RC, Zhao Q and Wu B 
(2013) Structure of the CCR5 chemokine receptor-HIV entry inhibitor maraviroc 
complex. Science 341(6152): 1387-1390. 
!!!
193 
Tang T, Gao MH, Lai NC, Firth AL, Takahashi T, Guo T, Yuan JX, Roth DM and 
Hammond HK (2008) Adenylyl cyclase type 6 deletion decreases left ventricular 
function via impaired calcium handling. Circulation 117(1): 61-69. 
Thomas JM and Hoffman BB (1996) Isoform-specific sensitization of adenylyl cyclase 
activity by prior activation of inhibitory receptors: role of beta gamma subunits in 
transducing enhanced activity of the type VI isoform. Mol Pharmacol 49(5): 907-
914. 
Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, Huang XP, Trapella C, 
Guerrini R, Calo G, Roth BL, Cherezov V and Stevens RC (2012) Structure of the 
nociceptin/orphanin FQ receptor in complex with a peptide mimetic. Nature 
485(7398): 395-399. 
Unger VM, Hargrave PA, Baldwin JM and Schertler GF (1997) Arrangement of 
rhodopsin transmembrane alpha-helices. Nature 389(6647): 203-206. 
Urban J, Clarke W, von Zastrow M, Nichols D, Kobilka B, Weinstein H, Javitch J, Roth 
B, Christopoulos A, Sexton P, Miller K, Spedding M and Mailman R (2007a) 
Functional selectivity and classical concepts of quantitative pharmacology. J 
Pharmacol Exp Ther 320(1): 1-13. 
Urban JD, Vargas GA, von Zastrow M and Mailman RB (2007b) Aripiprazole has 
functionally selective actions at dopamine D2 receptor-mediated signaling 
pathways. Neuropsychopharmacology : official publication of the American 




Urs NM, Snyder JC, Jacobsen JP, Peterson SM and Caron MG (2012) Deletion of 
GSK3beta in D2R-expressing neurons reveals distinct roles for beta-arrestin 
signaling in antipsychotic and lithium action. Proc Natl Acad Sci U S A 109(50): 
20732-20737. 
Vadakkan KI, Wang H, Ko SW, Zastepa E, Petrovic MJ, Sluka KA and Zhuo M (2006) 
Genetic reduction of chronic muscle pain in mice lacking calcium/calmodulin-
stimulated adenylyl cyclases. Molecular pain 2: 7. 
van Rijn RM, Brissett DI and Whistler JL (2012) Emergence of functional spinal delta 
opioid receptors after chronic ethanol exposure. Biological psychiatry 71(3): 232-
238. 
Venkatakrishnan AJ, Deupi X, Lebon G, Tate CG, Schertler GF and Babu MM (2013) 
Molecular signatures of G-protein-coupled receptors. Nature 494(7436): 185-194. 
Vidi PA, Chemel BR, Hu CD and Watts VJ (2008) Ligand-dependent oligomerization of 
dopamine D(2) and adenosine A(2A) receptors in living neuronal cells. Mol 
Pharmacol 74(3): 544-551. 
Villacres EC, Wong ST, Chavkin C and Storm DR (1998) Type I adenylyl cyclase 
mutant mice have impaired mossy fiber long-term potentiation. J Neurosci 18(9): 
3186-3194. 
Violin JD, Crombie AL, Soergel DG and Lark MW (2014) Biased ligands at G-protein-
coupled receptors: promise and progress. Trends Pharmacol Sci 35(7): 308-316. 
Vortherms TA, Nguyen CH, Bastepe M, Juppner H and Watts VJ (2006) D2 dopamine 
receptor-induced sensitization of adenylyl cyclase type 1 is G alpha(s) 
independent. Neuropharmacol 50(5): 576-584. 
!!!
195 
Vortherms TA, Nguyen CH, Berlot CH and Watts VJ (2004) Using molecular tools to 
dissect the role of Galphas in sensitization of AC1. Mol Pharmacol 66(6): 1617-
1624. 
Wacker D, Wang C, Katritch V, Han GW, Huang XP, Vardy E, McCorvy JD, Jiang Y, 
Chu M, Siu FY, Liu W, Xu HE, Cherezov V, Roth BL and Stevens RC (2013) 
Structural features for functional selectivity at serotonin receptors. Science 
340(6132): 615-619. 
Waldhoer M, Bartlett SE and Whistler JL (2004) Opioid receptors. Annu Rev Biochem 
73: 953-990. 
Wang C, Jiang Y, Ma J, Wu H, Wacker D, Katritch V, Han GW, Liu W, Huang XP, 
Vardy E, McCorvy JD, Gao X, Zhou XE, Melcher K, Zhang C, Bai F, Yang H, 
Yang L, Jiang H, Roth BL, Cherezov V, Stevens RC and Xu HE (2013a) 
Structural basis for molecular recognition at serotonin receptors. Science 
340(6132): 610-614. 
Wang C, Wu H, Katritch V, Han GW, Huang XP, Liu W, Siu FY, Roth BL, Cherezov V 
and Stevens RC (2013b) Structure of the human smoothened receptor bound to an 
antitumour agent. Nature 497(7449): 338-343. 
Wang H, Gong B, Vadakkan KI, Toyoda H, Kaang BK and Zhuo M (2007) Genetic 
evidence for adenylyl cyclase 1 as a target for preventing neuronal excitotoxicity 
mediated by N-methyl-D-aspartate receptors. J Biol Chem 282(2): 1507-1517. 
Wang H, Pineda VV, Chan GC, Wong ST, Muglia LJ and Storm DR (2003) Type 8 
adenylyl cyclase is targeted to excitatory synapses and required for mossy fiber 
long-term potentiation. J Neurosci 23(30): 9710-9718. 
!!!
196 
Wang H, Xu H, Wu LJ, Kim SS, Chen T, Koga K, Descalzi G, Gong B, Vadakkan KI, 
Zhang X, Kaang BK and Zhuo M (2011) Identification of an adenylyl cyclase 
inhibitor for treating neuropathic and inflammatory pain. Science translational 
medicine 3(65): 65ra63. 
Wang SC, Lin JT and Chern Y (2009a) Novel regulation of adenylyl cyclases by direct 
protein-protein interactions: insights from snapin and ric8a. Neuro-Signals 17(3): 
169-180. 
Wang WC, Mihlbachler KA, Brunnett AC and Liggett SB (2009b) Targeted transgenesis 
reveals discrete attenuator functions of GRK and PKA in airway beta2-adrenergic 
receptor physiologic signaling. Proc Natl Acad Sci U S A 106(35): 15007-15012. 
Wang Z, Balet Sindreu C, Li V, Nudelman A, Chan GC and Storm DR (2006) 
Pheromone detection in male mice depends on signaling through the type 3 
adenylyl cyclase in the main olfactory epithelium. J Neurosci 26(28): 7375-7379. 
Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov R, Edwards PC, Henderson R, 
Leslie AG, Tate CG and Schertler GF (2008) Structure of a beta1-adrenergic G-
protein-coupled receptor. Nature 454(7203): 486-491. 
Watts V (2002) Molecular mechanisms for heterologous sensitization of adenylate 
cyclase. J Pharmacol Exp Ther 302(1): 1-7. 
Watts V and Neve K (2005) Sensitization of adenylate cyclase by Galphai/o-coupled 
receptors. Pharmacology & therapeutics 106(3): 405-421. 
Watts VJ, Lawler CP, Gonzales AJ, Zhou QY, Civelli O, Nichols DE and Mailman RB 
(1995) Spare receptors and intrinsic activity: studies with D1 dopamine receptor 
agonists. Synapse 21(2): 177-187. 
!!!
197 
Watts VJ and Neve KA (1996) Sensitization of endogenous and recombinant adenylate 
cyclase by activation of D2 dopamine receptors. Mol Pharmacol 50(4): 966-976. 
Watts VJ and Neve KA (1997) Activation of type II adenylate cyclase by D2 and D4 but 
not D3 dopamine receptors. Mol Pharmacol 52(2): 181-186. 
Watts VJ, Wiens BL, Cumbay MG, Vu MN, Neve RL and Neve KA (1998) Selective 
activation of Galphao by D2L dopamine receptors in NS20Y neuroblastoma cells. 
J Neurosci 18(21): 8692-8699. 
Wayman GA, Wei J, Wong S and Storm DR (1996) Regulation of type I adenylyl cyclase 
by calmodulin kinase IV in vivo. Molecular and cellular biology 16(11): 6075-
6082. 
Wei F, Vadakkan KI, Toyoda H, Wu LJ, Zhao MG, Xu H, Shum FW, Jia YH and Zhuo 
M (2006) Calcium calmodulin-stimulated adenylyl cyclases contribute to 
activation of extracellular signal-regulated kinase in spinal dorsal horn neurons in 
adult rats and mice. J Neurosci 26(3): 851-861. 
Whalen E, Rajagopal S and Lefkowitz R (2011) Therapeutic potential of beta-arrestin- 
and G protein-biased agonists. Trends Mol Med 17(3): 126-139. 
Wheatley M, Wootten D, Conner MT, Simms J, Kendrick R, Logan RT, Poyner DR and 
Barwell J (2012) Lifting the lid on GPCRs: the role of extracellular loops. Br J 
Pharmacol 165(6): 1688-1703. 
White JF, Noinaj N, Shibata Y, Love J, Kloss B, Xu F, Gvozdenovic-Jeremic J, Shah P, 
Shiloach J, Tate CG and Grisshammer R (2012) Structure of the agonist-bound 
neurotensin receptor. Nature 490(7421): 508-513. 
!!!
198 
Williams JT, Ingram SL, Henderson G, Chavkin C, von Zastrow M, Schulz S, Koch T, 
Evans CJ and Christie MJ (2013) Regulation of mu-opioid receptors: 
desensitization, phosphorylation, internalization, and tolerance. Pharmacol Rev 
65(1): 223-254. 
Wirdefeldt K, Adami H, Cole P, Trichopoulos D and Mandel J (2011) Epidemiology and 
etiology of Parkinson's disease: a review of the evidence. Eur J Epidemiol 26 
Suppl 1: S1-58. 
Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, Chavkin CC, Muglia LJ and 
Storm DR (1999) Calcium-stimulated adenylyl cyclase activity is critical for 
hippocampus-dependent long-term memory and late phase LTP. Neuron 23(4): 
787-798. 
Wong ST, Trinh K, Hacker B, Chan GC, Lowe G, Gaggar A, Xia Z, Gold GH and Storm 
DR (2000) Disruption of the type III adenylyl cyclase gene leads to peripheral and 
behavioral anosmia in transgenic mice. Neuron 27(3): 487-497. 
Worzfeld T, Wettschureck N and Offermanns S (2008) G(12)/G(13)-mediated signalling 
in mammalian physiology and disease. Trends Pharmacol Sci 29(11): 582-589. 
Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V, Abagyan R, Brooun A, Wells 
P, Bi FC, Hamel DJ, Kuhn P, Handel TM, Cherezov V and Stevens RC (2010) 
Structures of the CXCR4 chemokine GPCR with small-molecule and cyclic 





Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, Liu W, Thompson AA, 
Huang XP, Carroll FI, Mascarella SW, Westkaemper RB, Mosier PD, Roth BL, 
Cherezov V and Stevens RC (2012) Structure of the human kappa-opioid receptor 
in complex with JDTic. Nature 485(7398): 327-332. 
Wu H, Wang C, Gregory KJ, Han GW, Cho HP, Xia Y, Niswender CM, Katritch V, 
Meiler J, Cherezov V, Conn PJ and Stevens RC (2014) Structure of a class C 
GPCR metabotropic glutamate receptor 1 bound to an allosteric modulator. 
Science 344(6179): 58-64. 
Xu F, Wu H, Katritch V, Han GW, Jacobson KA, Gao ZG, Cherezov V and Stevens RC 
(2011) Structure of an agonist-bound human A2A adenosine receptor. Science 
332(6027): 322-327. 
Xu H, Wu LJ, Wang H, Zhang X, Vadakkan KI, Kim SS, Steenland HW and Zhuo M 
(2008) Presynaptic and postsynaptic amplifications of neuropathic pain in the 
anterior cingulate cortex. J Neurosci 28(29): 7445-7453. 
Yan L, Vatner DE, O'Connor JP, Ivessa A, Ge H, Chen W, Hirotani S, Ishikawa Y, 
Sadoshima J and Vatner SF (2007) Type 5 adenylyl cyclase disruption increases 
longevity and protects against stress. Cell 130(2): 247-258. 
Zachariou V, Liu R, LaPlant Q, Xiao G, Renthal W, Chan GC, Storm DR, Aghajanian G 
and Nestler EJ (2008) Distinct roles of adenylyl cyclases 1 and 8 in opiate 
dependence: behavioral, electrophysiological, and molecular studies. Biological 




Zambon AC, Zhang L, Minovitsky S, Kanter JR, Prabhakar S, Salomonis N, Vranizan K, 
Dubchak I, Conklin BR and Insel PA (2005) Gene expression patterns define key 
transcriptional events in cell-cycle regulation by cAMP and protein kinase A. 
Proc Natl Acad Sci U S A 102(24): 8561-8566. 
Zhang C, Srinivasan Y, Arlow DH, Fung JJ, Palmer D, Zheng Y, Green HF, Pandey A, 
Dror RO, Shaw DE, Weis WI, Coughlin SR and Kobilka BK (2012) High-
resolution crystal structure of human protease-activated receptor 1. Nature 
492(7429): 387-392. 
Zhang J-H (1999) A Simple Statistical Parameter for Use in Evaluation and Validation of 
High Throughput Screening Assays. J Biomol Screen 4(2): 67-73. 
Zhang K, Zhang J, Gao ZG, Zhang D, Zhu L, Han GW, Moss SM, Paoletta S, Kiselev E, 
Lu W, Fenalti G, Zhang W, Muller CE, Yang H, Jiang H, Cherezov V, Katritch 
V, Jacobson KA, Stevens RC, Wu B and Zhao Q (2014) Structure of the human 
P2Y12 receptor in complex with an antithrombotic drug. Nature 509(7498): 115-
118. 
Zhao X, Jones A, Olson K, Peng K, Wehrman T, Park A, Mallari R, Nebalasca D, Young 
S and Xiao S (2008) A homogeneous enzyme fragment complementation-based 
beta-arrestin translocation assay for high-throughput screening of G-protein-
coupled receptors. J Biomol Screen 13(8): 737-747. 
Zhu W, Tilley DG, Myers VD, Coleman RC and Feldman AM (2013) Arginine 
vasopressin enhances cell survival via a G protein-coupled receptor kinase 2/beta-
arrestin1/extracellular-regulated kinase 1/2-dependent pathway in H9c2 cells. Mol 
Pharmacol 84(2): 227-235. 
!!!
201 
Zhu Y, King MA, Schuller AG, Nitsche JF, Reidl M, Elde RP, Unterwald E, Pasternak 
GW and Pintar JE (1999) Retention of supraspinal delta-like analgesia and loss of 
morphine tolerance in delta opioid receptor knockout mice. Neuron 24(1): 243-
252. 
Zhuo M (2012) Targeting neuronal adenylyl cyclase for the treatment of chronic pain. 










































 Tarsis Brust Fernandes was born on January 22, 1988 to Juares Andrade 
Fernandes and Ariadne Brust Fernandes. Upon graduation from high school in 2005, he 
attended Universidade Estácio de Sá in Rio de Janeiro where he graduated with a 
Bachelor of Pharmacy degree in 2009. In 2007 he joined the laboratory of Dr. Octavio 
Fernandes in FIOZRUZ to work under the supervision of Dr. Fabio Aguiar Alves on 
molecular biology of Staphylococcus aureus. In FIOCRUZ, Tarsis was awarded two 
federal undergraduate fellowships to support his work. During his last year in FIOCRUZ, 
Tarsis worked with Dr. David William Provance Jr. in a project for analyzing proteins 
from Trypanosoma cruzi that are released in response to calcium. The exiting experiences 
in Pharmacy school and in FIOCRUZ stimulated Tarsis to apply for graduate school. In 
2010 Tarsis joined the Ph.D. program of Medicinal Chemistry and Molecular 
Pharmacology at Purdue University. At Purdue, Tarsis joined the laboratory of Dr. Val J. 
Watts where he studied molecular pharmacology of G protein-coupled receptors and 
adenylyl cyclases. 
